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ABSTRACT
This thesis documents research on quantifying the effects of 
potential excursions on buried steel corrosion under cathodic 
protection (CP). CP is an effective technique for protecting buried 
steel pipelines from corrosion, however unfortunately the 
protectiveness of CP could be impaired under some complex pipeline 
conditions. For instance, CP may lose its effectiveness due to 
potential excursions caused by various forms of electrical 
interference signals, commonly referred to as stray currents.
Potential excursions, in particular anodic transients, are real 
occurrences that have been shown in the literature to be a major 
factor contributing to the CP failure of buried pipelines. Despite major 
efforts during the past decades, the effects of potential excursions on 
CP efficiency and buried steel pipeline corrosion have not been 
effectively quantified. Currently there is little consensus on how “big”
these excursions (either in amplitude, duration or frequency) need to 
be in order to trigger major pipeline corrosion problems. This 
uncertainty has caused significant difficulties in selecting suitable 
parameters in relevant industry standards. Technological difficulties 
in effectively quantifying the effects of dynamically changing potential 
excursions on buried steel corrosion are considered to be the prime 
reason for the lack of conclusive experimental evidence needed to 
make significant progress in this research field.
In this work, novel experimental approaches have been taken
to overcome long-lasting technological difficulties in the fundamental 
understanding of CP failure and buried steel corrosion due to the 
effects of potential excursions, in particular anodic transients, and the 
environment. Novel electrochemical corrosion cells have been 
designed to overcome difficulties associated with conventional sand 
cells in the effective control of humidity, resistivity, pH and their 
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distributions in highly inhomogeneous buried pipeline conditions.
Numerous experiments have been conducted in the aqueous and 
sand cells that are designed to simulate typical buried pipeline 
environmental conditions under the effect of various potential 
excursions frequently observed on real-life pipelines. Surface 
profilometry and other surface analytical techniques have been 
employed to quantify corrosion rates and patterns on steel surfaces
after extended periods of exposure to selected aqueous and sandy 
soil cell environments. It has been found that, under these conditions, 
localised corrosion is the most common form of corrosion, and its 
rate was found to be usually 2-10 times higher than general corrosion 
on pipeline steels. A high pH induced passivity of steel surface has 
been shown to be critical for the effectiveness of CP. The aqueous 
cell presents the “worst-case scenario” corrosion environment 
under simulated pipeline conditions. Short anodic duration (e.g. 
1-second and 10-second) and small amplitude (e.g. less than 
+500mV) appear not to be a corrosion hazard in sandy soil test. 
Longer anodic transients caused more corrosion. A period of low 
anodic current was observed shortly after an anodic transient was 
applied to a CP protected steel. This finding of short-period low-
anodic current suggests that there is a critical anodic transient 
duration that implies the allowable “safe” duration for single anodic 
transients on the cathodically protected buried steel. The critical 
anodic transient was found to be influenced by the anodic transient 
amplitude and test media from coupon tests results. Cathodic 
transients are also found to affect corrosion behaviour from coupon 
tests.
In order to further quantify dynamic localised corrosion, a 
novel research methodology has been developed based on an 
electrochemically integrated multi-electrode array, often referred to 
as the wire beam electrode. This new method has enabled, for the 
first time, the visualisation of dynamically changing electrode 
processes and the effective quantification of the effects of 
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dynamically changing potential excursions on buried steel corrosion. 
The wire beam electrode (WBE) has shown the necessary temporal 
and spatial resolutions required for measuring and visualising the 
dynamic effects of potential excursions such as anodic transients on 
CP, passivation and localised corrosion processes occurring on 
buried steel surfaces. This capability has been demonstrated by 
mapping vigorously changing localised corrosion processes 
occurring on buried steel surfaces under the effect of anodic 
transients. The WBE maps suggest that there is a critical anodic 
transient duration for low-corrosion hazard. This critical anodic 
transient duration was found to be influenced by the anodic transient 
amplitude, with or without pre-applied CP, test media (soil or 
aqueous media), the cathodic cycle during the anodic transient and 
the amplitude of cathodic transient. This work suggests that the 
effects of potential excursions and the environment on the 
effectiveness of CP operate mainly by influencing the steel surface 
passive layer states. Not all the anodic transients cause buried 
pipeline corrosion initiation. Corrosion on the new WBE sensor and
on the conventional coupon test showed similar behaviours under the 
same conditions. An obvious advantage of the WBE sensor is that it 
is able to perform in-situ recording of the current density distribution 
that can provide important information regarding localised corrosion 
processes.
Our innovative research approaches have led to new findings 
of critical anodic transient duration which is due to the incubation 
period for the breakdown of passivity and the initiation of localised 
corrosion on steel surfaces under the effect of CP and anodic 
transients. This critical duration has been found to be affected by 
anodic transient amplitude, corrosion test media, prior CP and 
cathodic transient cycles. Typical critical anodic transient durations 
have been determined under major pipeline industry conditions. For 
instance, for steel exposed to a constant anodic transient amplitude 
of 1000mV under CP of -950mVvs.CSE, the critical anodic transient 
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durations were found to be approximately 9 minutes in 1000 .cm 
resistivity sandy soil. It has become clear, for the first time, that CP 
potential excursions such as anodic transients do not necessarily 
cause passivity breakdown and pipeline corrosion, as long as their 
amplitude and duration are below critical values. 
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INTRODUCTION
1.1 INTRODUCTION
Cathodic protection (CP) combined with a protective coating is 
a common method in the energy pipeline industry used to protect 
buried carbon steel pipeline from corrosion. A buried steel pipeline 
can be considered to be effectively protected by CP if the standard 
“safe” CP levels of -850mV vs. copper/copper sulphate/sat. reference 
electrode (CSE) is applied on it.1,2
This standard -850mVvs.CSE CP potential criterion is well 
accepted for protecting steel pipelines exposed to normal buried 
pipeline conditions. However, this “safe” CP level may not be 
maintained in some sections of pipelines due to the existence and 
influence of various forms of stray currents. Stray current, traction 
and telluric current influences are a real occurrence on buried 
pipelines.3 They can cause significant pipeline potential excursions 
from “safe” CP potential levels.4
Pipeline potential excursions are observed rather frequently, 
and are reported to be stochastic in their nature (i.e. the magnitude, 
duration, timing, are all random).5 The most concerning form of the 
potential excursions is the anodic transient that can shift the pipeline 
potential significantly positive of the desired -850mVvs.CSE (safely 
protected) level for varying periods.6 While such potential excursions 
can be measured and are believed to cause degradation in 
protectiveness of CP, there is no consensus on how “big” these 
excursions need to be (either in amplitude, duration or frequency) to 
cause a major pipeline corrosion problem. These issues have caused 
significant uncertainties and difficulties in selecting suitable 
parameters in relevant industry standards such as the Australian CP 
standard AS 2832.11. Despite major efforts during the past decades, 
Chapter 1
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the effects of potential excursions on CP efficiency and buried steel 
pipeline corrosion have not been effectively quantified.
Technological difficulties in measuring and monitoring buried 
steel corrosion under complex environments and dynamically 
changing potential excursion conditions are believed to be the prime 
reason for the widespread use of empirical data collected from 
diverse pipeline excavation sites. There is a serious lack of 
conclusive experimental data and evidence required for quantifying 
the effects of anodic transients on buried pipeline corrosion for a
variety of reasons.
Firstly, laboratory simulation of complex soil environments and
potential excursion conditions is rather difficult. Soil is a 
heterogeneous mixture. The properties of the soil vary, sometimes 
considerably, from point to point and from time to time. This occurs 
because the distribution of soil’s physical, chemical, and biological 
properties such as texture, moisture contents, porosity, and microbial 
populations are not uniform. For instance, Holloway et al7 found
during their stray current corrosion tests that even with water sprayed
periodically on sandy and clay soil to compensate for evaporation, 
the resistivity increased more than 3 times, from 28000 ± 7000 FP
to 95000 ± 25000 FP.
Secondly, the dynamically changing nature of potential 
excursions such as anodic transients makes the measurement of 
corrosion damage very difficult.6 Potential recording is one of the 
most commonly used methods employed for monitoring potential 
excursion activities in the pipeline industry. However potential 
recording such as on-potential measurement generally provides 
information only about the existence of potential excursions. It does 
not provide sufficient information about the effects of potential 
excursions on CP efficiency, corrosion rates and patterns. Weight 
loss coupons and electrical resistance probes could be used to 
measure corrosion rates over an extended exposure period.
Unfortunately, those methods have limitations in detecting dynamic 
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changes in corrosion, especially localised corrosion rates and 
patterns as a result of dynamically changing potential excursions. For 
instance, weight loss coupon tests can only provide average 
corrosion rates over long exposure periods and cannot provide the 
in-situ corrosion rate data required for quantifying the effects of 
relatively short-term CP potential excursions on corrosion. The
electrical resistance probe can collect useful corrosion rate data 
relevant to the corrosivity of soil or sand, however, it usually cannot 
measure rapidly changing corrosion because of its relative slow 
response to corrosion attack, especially localised attack; localised 
corrosion such as a pit may not lead to a significant resistivity change 
in the probing element. On the other hand, conventional 
electrochemical corrosion measurement in highly resistive and 
inhomogeneous soil media can be very challenging due to several 
critical issues. The first issue is that conventional electrochemical 
methods such as linear polarisation and impedance techniques are 
steady-state methods that cannot be applied to steel surfaces under 
the effect of dynamically changing potential excursions. The second 
major issue is that CP introduces a significant complication to 
traditional electrochemical techniques since conventional 
electrochemical polarisation-based methods are designed for 
determining corrosion kinetics around the open circuit corrosion 
potential. 
Thirdly, the in-situ measurement of localised corrosion is 
needed to detect localised corrosion initiation and propagation under 
the effects of dynamic stray currents. Unfortunately, there are 
theoretical limitations associated with conventional electrochemical 
methods in measuring localised corrosion.8 In highly resistive and 
inhomogeneous media, localised corrosion is often the key process 
triggering corrosion failure. Conventional electrochemical methods 
have common limitations in measuring localised electrochemical 
thermodynamic and kinetic parameters because they are developed 
based on a uniform corrosion mechanism. Localised corrosion has 
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been found to be the dominant form of corrosion under potential 
excursions conditions.9
These practical issues make the effective quantification of the 
effects of dynamically changing potential excursions on buried steel 
corrosion difficult to accomplish. Thus, in order to effectively quantify 
the effects of dynamically changing potential excursions on buried 
steel corrosion it is necessary to develop new methods that are more 
sensitive in measuring the dynamic steel corrosion processes,
especially localised corrosion initiation processes under the effects of 
anodic transients.
1.2 SCOPE AND AIMS 
This thesis aims to evaluate and quantify the effects of 
dynamically changing potential excursions on buried steel corrosion.
The particular aims of the research are:
x To simulate potential excursions and their effects on 
buried steel corrosion under controlled and
reproducible laboratory environmental conditions.
x To improve and develop new experimental methods for 
measuring and quantifying the effects of dynamically 
changing potential excursions on the initiation and 
propagation of buried steel corrosion.
x To develop a scientific understanding of how potential 
excursions influence the rate and morphology of buried 
steel corrosion under CP and simulated soil conditions. 
x To provide new knowledge and data that can lead to an 
improved understanding of pipeline corrosion under 
CP.
x To establish an improved basis for selecting suitable 
parameters in relevant industry standards for assessing 
a pipeline’s remaining operating life, enhanced pipeline 
inspection/repair programs, and for achieving higher 
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efficiency in usage of pipeline operational/ maintenance 
resources.
1.3 THESIS OVERVIEW
This thesis consists of six chapters. Chapter 2 presents a 
literature review that provides the background of this research. The 
first section of the chapter covers the introduction and discussion of 
CP and factors that may influence CP efficiency. The potential 
excursion is deemed to be the major factor affecting CP and buried 
pipeline corrosion. In the second section, a critical review of past 
research of potential excursion influence on the CP efficiency is 
documented. A critical review of existing methods of investigating 
potential excursions such as potential survey, coupon tests and 
sensor tests is presented. 
Chapter 3 presents experimental methods employed in this 
research and new development and improvement in research 
methodologies. The first section of the chapter focuses on the 
improvement of traditional soil tests by increasing the consistency of 
soil resistivity control, improving current distribution uniformity, and
reducing IR drop influences. In the second section, a new aqueous 
test method is introduced to mimic a “worst-case scenario” soil 
environment. In the third section, a test matrix has been designed to 
simulate a large number of variables that could be experienced by 
buried steel pipelines under potential transients of varying 
magnitudes as well as durations. In the fourth section, a new method 
is reported for monitoring the corrosion initiation by means of a wire 
beam electrode (WBE). This is a new application of the WBE in 
detecting the effects of dynamic changing potential excursions on 
buried pipeline corrosion. 
Chapter 4 summarises results from a large number of coupon 
tests carried out in improved aqueous and sandy soil test cells 
according to a test condition matrix, including various forms of 
potential excursion signals and typical pipeline buried conditions. The 
coupon test results show typical corrosion behaviours of buried steel 
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under various forms of potential excursions and environments.
Localised corrosion patterns were found in most of the sandy soil test 
results and the localised corrosion rate was 2-10 times higher than 
the corrosion rate on the general steel surface areas. A high pH 
environment, believed to induce passivity of steel surfaces, has been 
shown to be critical for the effectiveness of CP. The aqueous cell 
presents the “worst-case scenario” corrosion environment under 
simulated pipeline conditions.
Chapter 5 describes the new method of WBE in detecting 
dynamically changing corrosion under various forms of anodic 
transients. The results suggest that this method is able to detect and 
monitor localised corrosion initiation and propagation. 
Chapter 6 summarises the critical findings from this research 
and their potential practical applications, as well as some 
recommendations for future work.
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LITERATURE REVIEW
2.1 BURIED STEEL PIPELINE CORROSION AND PROTECTION
This chapter presents a brief review of major corrosion and 
prevention issues and principles related to buried pipelines and 
critical factors affecting their corrosion. Particular focus is on the 
effects of dynamically changing potential excursions on buried steel 
corrosion and CP efficiency.
Carbon steel, due to its excellent mechanical properties and 
availability, is widely used to make pipelines for transporting oil and 
gas. Oil and gas pipelines are often pressurised to increase 
efficiency of transporting oil or gas over long distances.1 Steel pipes 
are commonly buried underground where a complex and corrosive 
soil environment exists. In natural underground conditions, steel is 
exposed to aqueous media with corrosive chemicals present, leading 
to steel corrosion. The most common corrosion reaction occurring on 
steel surface exposed to normal aerated soils can be written as,
2ܨ݁ + ܱଶ + 2ܪଶܱ ՜ 2ܨ݁(ܱܪ)ଶ               (1)
This corrosion reaction occurs through electrochemical 
processes, which include an anodic reaction,
2ܨ݁ ՜ 2ܨ݁ଶା + 4݁ି                                (2)
and a cathodic reaction
ܱଶ + 2ܪଶܱ + 4݁ି ՜ 4ܱܪି                      (3) 
The electrons released by anodic oxidation reactions are 
consumed by the cathodic reduction reaction. Therefore, steel 
corrosion in soil can be considered a chemical reaction through 
electrochemical processes. Fig. 2.1A shows a schematic illustration 
of the simplest form of steel corrosion, general/uniform corrosion of 
steel in a homogenous soil environment. Electrochemical corrosion 
processes are thermodynamically spontaneous and therefore, a bare 
metallic structure such as a steel pipeline can suffer constant 
Chapter 2
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general/uniform corrosion.2 In an ideally homogeneous soil, as 
illustrated in Fig. 2.1A, many tiny corrosion electrochemical cells form 
on the steel surface, with the existence of the following elements:3
(i) Metallic areas of different electrochemical potential form 
many microscopic anodes and cathodes on the corroding 
metal surface;
(ii) Anodes and cathodes distribute randomly over metal 
surface;
(iii) Anode and cathode locations change dynamically;
(iv) Electrons travel through electrical paths: i.e. the metal 
itself between the anodes and cathodes, while ions flow 
through a conducting solution on the metal surface.
General corrosion can be observed on practical buried steel 
pipelines. Fig. 2.1B is a photo taken by the author that shows typical 
general/uniform type corrosion on an energy pipeline section freshly 
excavated from soil.
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Fig. 2.1 General or uniform corrosion pattern of steel in a 
homogeneous soil environment. Schematic illustration of uniform 
electrochemical corrosion processes (upper image); photo of 
general/uniform corrosion on an energy pipeline section (lower 
image).
However, in reality, the soil environment is usually 
heterogeneous and electrochemical reactions and processes of 
buried steel pipeline corrosion can be much more complex than 
those described above. As a result, the soil medium promotes the 
development of many types of localised corrosion, such as pitting 
corrosion4-6, crevice corrosion7-9, stress corrosion cracking10-12 and 
microbiologically induced corrosion (MIC)13-15. Fig. 2.2A shows a 
schematic illustration of localised corrosion processes occurring on a 
steel pipe surface. A galvanic cell is often used as a model to 
illustrate the working principles of many types of localised corrosion 
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cell. In this galvanic cell, the individual half-reactions occur in 
macroscopically separated half-cells, causing the anode to corrode 
under localised anodic metal dissolution, and electron transfer to 
occur through an external electrical circuit to cathodic sites.3 In the 
pipeline industry, pitting corrosion is frequently observed on the 
external surface of buried pipelines. Fig. 2.2B is a photo taken by the 
author that shows typical localised corrosion on a buried pipeline 
section freshly excavated from soil and cleaned by sand blasting.
Fig. 2.2 Localised corrosion of steel pipeline in a heterogeneous soil 
environment. Schematic illustration of localised corrosion processes 
(upper image); pitting corrosion on a buried steel pipeline with a 
maximum pit depth of 3.2mm (lower image) after being cleaned by 
sand blasting of the pipe surface.
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Crevice corrosion is another type of localised corrosion 
commonly observed on buried steel pipelines. It often occurs on 
pipeline surface areas where coating disbondment occurs, forming a 
small crevice at the interface of the steel and coating. The under 
coating disbondment corrosion can be due to the huge IR drop at the 
disbonded coating mouth reducing the CP current flow into the 
coating disbondment area. Then, the area without CP current will 
have free corrosion.7
In order to protect buried carbon steel pipelines from soil 
corrosion, a protective coating combined with cathodic protection 
(CP) is the most common method in the pipeline industry. The 
protective coating’s prime function is to act as a high-resistance 
barrier to impede the formation of electrochemical corrosion cells on
the metal surface and the transportation of corrosive species to the 
metal surface.16 In this way, a coating would prevent chemical 
compounds from contacting a pipe surface or a corrosion current 
from flowing on the pipe.17 Traditionally bituminous enamels (coal tar 
pitches or petroleum asphalt), sprayed zinc/sprayed bituminous 
coatings, fusion-bonded epoxy coatings, liquid epoxy coatings, liquid 
coal-tar epoxies, cement-mortar, heat-shrink sleeves, polyethylene 
encasement, and 100% solid rigid polyurethane coatings are used as 
gas, oil and water pipe coating materials. The coating’s effectiveness 
in fulfilling this function depends on its degree of integrity, its ability to 
bond to the pipe substrate, and insulation against the passage of 
corrosion current or ions.18 However, the coating alone cannot fully 
protect a buried pipeline because of various factors that cause 
damage to the coating, exposing the substrate steel pipe to the 
corrosive medium. These factors can include pipe dimension 
expansion, earth movement, top-soil pressure, coating aging and 
coating damage during manufacture, transportation and installation.19
For instance, it has been reported20 that as much as 80% of a 50-km 
buried pipeline had mechanical coating damages. 
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In order to protect against corrosion due to damaged coatings,
cathodic protection is commonly used to provide additional 
protection. However due to the complexity of soil environmental 
conditions, coatings and CP may not work well together. Cathodic 
disbondment of coatings can occur when an inappropriate type of 
coating is used and when an excessive CP potential is applied.21
Cathodic shielding can also occur when a disbonded coating film 
“shields” CP current.22 However, under the coating disbonded area, 
the pipe steel corrosion rate may be reduced. This could be due to 
the alkalinity produced by the cathodic reaction leading to the 
passivation of the steel. Another possible reason for the low 
corrosion rate under coating disbonded area could be due to the 
cathodic reactions rate is reduced, so as the anodic reactions, since 
the oxygen concentration in the coating disbonded area is low.7
In summary, the corrosion environment of a buried steel 
pipeline is complex. Corrosion of a buried pipeline is affected not only 
by the homogeneity or heterogeneity of the soil environment; it is 
affected by many other complex factors, such as stray current. Stray 
current corrosion has been considered as one of the most severe
types of buried-pipe corrosion which can lead to fast pipe leaking. 
For instance, oil and gas pipelines in Mexico5, Norway23 and water 
pipes in Toronto24 have been reported to be damaged by stray 
currents. This issue is the main focus of this thesis and will be 
discussed in detail. 
2.2 CATHODIC PROTECTION TECHNIQUES AND PRINCIPLES
2.2.1 Cathodic protection Techniques
The history of cathodic protection (CP) can be traced to 1824, 
when Sir Humphry Davy presented a paper to the Royal Society in 
London about preventing corrosion of copper sheathing on wooden 
ship hulls by using zinc and iron anodes. In his subsequent papers, 
modern CP prototype methods are described.25 Later, CP was 
systematically used for protecting buried steel from corrosion. CP 
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was introduced in 1928 by Kuhn26 as a method to reduce the 
corrosion problem from buried pipelines. In September 1935, in 
Australia, Johnson applied CP to protect 762mm and 1371mm 
diameter mild-steel water, gas and telephone pipelines.27 At that 
time, the cathodic protection potential level was designed as -
850mVvs.CSE on-potential.26 This CP criterion was used until 1969. 
Then a new CP criterion was designed based on a requirement that 
the instant off minimum polarised potential of buried steel pipe should 
be -850mVvs.CSE or more negative. This CP criterion is still used 
today.28
CP is achieved mainly using two techniques: a sacrificial 
anode method and an impress current method. Fig. 2.3 illustrates
these two types of CP systems. The sacrificial anode system is 
shown in Fig. 2.3 (upper image) and the impressed current cathodic 
protection system (ICCP) is shown in Fig. 2.3 (lower image).
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Fig. 2.3 The schematic diagrams of two CP systems:
The sacrificial anode CP system (upper image);
The ICCP system (lower image).
The sacrificial anode CP technique (see Fig. 2.3 upper image)
is a method to achieve the desired potential shift (e.g. to -
850mVvs.CSE) based on the fact that different materials have different 
electrochemical potentials. The material with the more noble potential 
is protected by contact with the less noble one, see Table 2.129. In 
reality, sacrificial anode materials include metal alloys such as 
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aluminium-zinc-mercury, aluminium-zinc, indium or aluminium-zinc-
tin.30 A “practical galvanic series” that is shown in Table 2.2 has been 
used to indicate a broader range of metal and metal alloys potentials 
in wt. 5% NaCl solution condition. The potential series in Table 2.2 
was determined using copper alloy 110 as the reference electrode.31
The sacrificial anode method can provide CP of a pipeline 
without the need for a power source. However, there are several 
restrictions for the use of this method for protecting buried structures. 
Firstly, sacrificial anode CP systems can only supply a limited driving 
voltage and hence relatively low current output that limits its 
applicability to certain service conditions, such as low soil resistivity 
conditions. If high soil resistivity presents, more sacrificial anode CP 
units are needed, which increase the CP systems cost. Secondly, the 
self-consuming nature of the sacrificial anodes suggests that the CP 
system requires periodic change of the anodes, which is 
inconvenient for long-distance buried structures. Thirdly, the area 
that a sacrificial anode electrode can protect is small. As a result, the 
sacrificial anode method is usually applied only for relatively short 
underground pipelines where CP capacity requirements are low: e.g. 
surface coatings are in very good condition, with low chances of 
damage during service life.32
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Table 2.1 Standard electrode potential (vs. SHE) 29
Electrode reaction
Standard electrode potential 
(Volts vs. SHE)
Au3+ + 3e- ĺ$X +1.4298
O2 +2H2O +4e-ĺ+2O +1.229
Pt2+ + 2e-ĺ3W +1.118
Ag+ + e-ĺ$J +0.799
Fe3+ + e-ĺ)H +0.771
O2 + 2H2O + 4e-ĺ2+- +0.401
Cu2+ +2e-ĺ&X +0.342
2H+ + 2e-ĺ+2 0.000
Pb2+ + 2e-ĺ3E -0.126
Sn2+ +2e-ĺ6Q -0.138
Fe2+ +2e-ĺ)H -0.447
Cr3+ +3e-ĺ&U -0.744
Al3+ +3e-ĺ$O -1.662
Mg2+ +2e-ĺ0J -2.372
Na+ +e-ĺ1D -2.71
K+ +e-ĺ. -2.931
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Table 2.2 Practical galvanic series (Compared with Copper 110 Alloy 
reference electrode) 31
Alloy
Electrode potential (Volts vs. 
Copper 110 alloy)
75 A Titanium +0.666
6 Al-4 V Titanium +0.481
5 Al-2.5 Sn Titanium +0.423
316L Passive stainless steel +0.156
321 Active stainless steel +0.077
Copper 110 0.000
Low brass 240 -0.016
304 Passive stainless steel -0.106
Chromium on 410 stainless steel -0.194
AISI 1010 steel -0.297
430 Active stainless steel -0.324
2024 0 Aluminium -0.472
7075 T6 Aluminium -0.504
Zinc on AISI 1010 steel -0.793
AZ 91 B Magnesium -1.480
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The ICCP technique (see Fig. 2.3 lower image) is much more 
widely used than the sacrificial anode technique in the pipeline 
industry.25, 33 The ICCP system usually includes a DC power source, 
a CP transformer rectifier, a copper/copper sulphate (CSE) reference 
electrode and an external anode. As shown in Fig. 2.3 lower image,
the DC power source supplies a constant protection current to 
protect a structure such as a pipeline. The CSE reference electrode 
measures the potential of the structure under CP.34 The rectifier is 
used to adjust the CP to a proper protection potential (e.g. to -
850mVvs.CSE) or current level. On the protected pipeline steel surface, 
the oxygen reduction reaction is the most common CP cathodic 
reaction that leads to increases in the pH by reaction (3). 
On the ICCP anode surface, the most common oxidation 
reactions include water decomposition:
2ܪଶܱ ՜ ܱଶ + 4ܪା + 4݁ି               (4)
and/or chloride oxidation:
2ܥ݈ି ՜ ܥ݈ଶ + 2݁ି               (5)
Due to this reason, the anode metal materials are usually a 
non-consumable alloy such as mixed metal oxide Pt-activated, and 
high chromium-silicon-iron or Platinized Ti, Ta, or Nb.25
2.2.2 CP principles explained using Evans and Pourbaix 
diagrams
Although CP has been used practically since 1824, an in-
depth understanding of the science of CP in complex environmental 
conditions such as soil is still a work in progress. Since Faraday’s 
experiment on the relationship between electric current and 
corrosion, significant progress has been made on electrochemical 
corrosion and protection of metals.29 CP has been explained by the 
thermodynamic theory developed by Gibbs for determining the 
possibility of electrochemical corrosion reactions.32 Tafel showed 
how to adjust anodic and cathodic reaction rates by adjusting the 
metal potential.32 The kinetic description of CP was clearly described 
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by Mears and Brown in 1938.35 Nernst’s further investigation 
suggested that the metal potential can be calculated by knowing the 
concentrations of reactants and products.24 It was also shown that 
the stability of metal can be predicted by knowing the potential and 
pH. Pourbaix summarised Nernst’s investigation and further 
developed it into the Pourbaix diagram.36 These theoretical results 
have formed the fundamental principles of CP today.27
The Pourbaix diagram is normally used for predicting metal 
electrochemical corrosion states, for instance, for predicting 
corrosion risks under various pH and potential conditions.37 Fig. 2.4 is 
a simplified Pourbaix diagram of iron in solutions with chloride ions. It
shows that the Pourbaix diagram of iron in chloride-containing media 
can be divided into four regions, indicating four different 
electrochemical corrosion states. They are a general corrosion 
region, pitting corrosion region, passive region and steel immune 
region. The iron Pourbaix diagram in Fig. 2.4 illustrates that, when 
applying cathodic protection on iron in a pH neutral soil environment 
to reach a negative potential, e.g. -850mVvs.CSE, the iron surface state 
would shift from free corrosion state (number 1 state) to the corrosion 
immune region (number 2 state). It has been noted that the corrosion 
“immunity” state changes with environmental conditions, e.g. pH38,39,
resistivity40 and therefore different CP potential levels may be needed 
under some conditions when installing CP systems. For instance, 
under anaerobic conditions, a CP potential of -950mVvs.CSE is more 
favourable, because under these conditions the active sulphate 
reducing bacteria could cause more serious corrosion problems.41
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Fig. 2.4 Pourbaix diagram of iron (vs. CSE) with chloride ions38,45
More recently, the understanding of CP has been improved by 
including the effects of pH and passivity of steel.28, 42 It is now 
believed that CP protects buried steel pipeline defects by not only
shifting pipe surface potential to near the corrosion immunity region, 
but more importantly by increasing the steel pipe surface pH and by 
repelling the chloride ions from the steel surface.43, 44 As a result, the 
bare steel pipe surface could achieve passivity. As shown in Fig. 2.4,
the steel surface state could change from a free corrosion state
(state 1) at the beginning of CP application to a corrosion resistive 
passive state (state 3) when the steel surface pH increases due to 
the cathodic reaction (see equation 3) under CP. Markus measured 
this pH change by installing a small pH detector on steel coupon 
surfaces and found that the pH can increase to 12.6 in soil conditions 
under an “on” potential of -1.3V vs. CSE.45 This high pH would lead 
to a passive steel surface which has a very low corrosion rate, less 
than 0.1mm/yr.44 This was also confirmed by other researchers.46 For 
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instance, it was found that under standard CP conditions, the 
corrosion rate was successfully reduced to less than 10μm per year 
which is considered to be a negligible corrosion rate.34 Another 
function of CP is repelling chloride ions from the bare steel surface of 
a buried pipe. Chloride ions are known to be a promoter for steel 
corrosion initiation and thus to enhance steel corrosion risk.47,48
Valcarce et al49 studied the effect of different concentrations of 
chloride ions on the corrosion resistance of passive films formed in 
high pH solutions. They found that no corrosion occurred in high pH 
solutions, even when the steel was polarised to positive potential 
levels. They further found that a higher chloride concentration would 
lead to localised corrosion. For instance, they found that when the 
ratio of [Cl-]/[OH-] reached 1, localised corrosion initiated. Saremi50
further confirmed that the ratio of [Cl-]/[OH-]=1 would lead to localised 
corrosion and when over 1, general corrosion happens. This recent 
work has enabled a better understanding of CP of buried steel 
pipelines.
Although the Pourbaix diagram provides important information 
on the electrochemical thermodynamic states of a metal in a 
particular environmental condition, it does not provide information on 
the kinetics of corrosion. Fig. 2.5 shows an Evans diagram which can
provide kinetic information of metal corrosion. The Evans diagram29,
or the mixed potential diagram, is useful for describing and explaining 
many corrosion phenomena based on the mixed potential theory 
underlying these diagrams. According to the mixed potential theory29,
any electrochemical reaction can be algebraically divided into 
separate oxidation and reduction reactions with no net accumulation 
of electrical charge. In the absence of an externally applied potential, 
oxidation of the metal and reduction of some species in solution 
occur simultaneously at the metal/electrolyte interface. Under these 
circumstances the net measurable current is zero and the corroding 
metal is charge neutral, with no net accumulation of charge. Once 
the electron releasing (anodic reaction) and electron consuming 
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(cathodic reaction) rates are equal, the potential of the steel under 
these conditions is called corrosion potential,  ܧ஼௢௥௥. Although, 
at ܧ஼௢௥௥, the total anodic and total cathodic reaction rate is the same 
and no net current flows, the metal is still dissolved by the anodic 
reaction at a rate given by  ܫ஼௢௥௥. As shown in Fig. 2.5, the absolute 
anodic reaction (corrosion dissolution) rate at the equilibrium 
potential ܧ௘௤ ி௘ (as measured by the anodic current density) is very 
small, and this rate is raised with the potential increasing towards the 
positive direction, namely anodic polarisation. Under free corrosion 
conditions, the potential reaches corrosion potential, ܧ஼௢௥௥ and both 
the corrosion cathodic and anodic reaction current equals  ܫ஼௢௥௥ .
Theoretically, the anodic reaction current can reduce if the potential 
decreases from ܧ஼௢௥௥ in the negative direction, namely cathodic 
polarisation. As a result, if the potential is polarised to close to the 
ܧ௘௤ ி௘ theoretically, the steel corrosion rate should be slowed down or 
even totally stopped. This is the basic principle of CP from the view 
of electrochemical kinetics. Fig. 2.5 also illustrates the schematic plot 
of the corrosion rate decrease from the corrosion current (corrosion 
current without CP) at the corrosion potential to a smaller corrosion 
current (corrosion current with CP) by shifting the potential from 
ܧ஼௢௥௥ to a lower (more negative) potential ܧ஼௢௥௥Ą by applying an 
external current ܫ௔௣௣. The applied CP current ܫ௔௣௣value is equal to the 
difference between the anodic and cathodic currents at the CP 
potential, ܧ஼௢௥௥Ą .
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Fig. 2.5 Principle of impressed current cathodic protection (Iୟ୮୮)
for steel.29
It is possible to fulfil the potential shift from the ܧ஼௢௥௥ to a more 
negative potential, Eେ୭୰୰Ą , in practice through the application of either 
a sacrificial anode CP system or an ICCP system.29
2.2.3 CP criteria 
In industry practice, there are often difficulties in ensuring that 
full protection is achieved by the application of CP. In order to 
address these difficulties, CP criteria are often used to ensure that 
sufficient CP potential or current levels are reached to fully protect 
steel structures. For instance, the Australian Standard Cathodic 
protection of metals, Part 1: Pipes and cables AS 2832.1-200451 and
also the National Association of Corrosion Engineers (NACE) CP 
criteria41 have set the standard CP potential of buried pipelines at -
850mV or more negative relative to CSE when CP is interrupted or in 
the absence of significant soil or water voltage gradients (usually 
termed “off” potential). The standard CP potential set at -850mVvs.CSE
level is usually explained, as above, by a Pourbaix diagram. 
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It should be noted that whether the standard CP potential of 
-850mVvs.CSE is sufficient for effectively protecting a buried pipeline 
from soil corrosion is still a controversial issue. Some researchers 
such as Ormellese52, Liu53 and Gummow54 have raised doubts about 
the validity of the standard CP potential. The standard CP potential 
may also need to be changed if environmental conditions change. 
For instance, under anaerobic conditions a CP potential of 
-950mvvs. CSE is considered to be more favourable because under this 
condition the active sulphate reducing bacteria can cause more 
serious corrosion problems25. Based on long-term field studies, 
Markus notes that some coupons do not corrode significantly when 
the CP level is less negative than -950mVvs.CSE.42
In practice, the implementation of CP is further challenged by 
the issues arising from overprotection55, CP shielding11, stray current 
and complex environmental influences on CP efficiency56. For 
instance, overprotection could cause hydrogen embrittlement which 
can cause cracking of steel pipelines.57 Pitting corrosion and stress 
corrosion cracking could occur under disbonded coatings due to CP 
shielding.58 CP excursion from safe potential levels is another major 
issue that could cause failure of buried pipelines. For example, 
anodic transients of varying durations (from a few seconds to a few 
hours) can significantly change the actual potential applied on a 
buried steel pipeline. These effects are so complex that the current 
criteria in AS 2832.1 could not specify parameters such as the 
duration of individual transients (see Table 2.3).
Table 2.3 Current criteria as per AS 2832.151
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2.3 MAJOR ENVIRONMENTAL FACTORS AFFECTING THE 
CATHODIC PROTECTION OF BURIED PIPELINES 
Corrosion of buried steel pipelines and the efficiency of CP 
can be affected by many environmental factors such as soil 
properties.
Since CP of buried pipelines is achieved by applying an 
external cathodic current to the surface of a pipe through an 
electrolyte medium, the characteristics of the conductive path that the 
current passes through could significantly affect the CP performance. 
Energy pipelines are usually buried in soil, and thus soil environment 
is a typical corrosion condition that the pipeline industry has to 
encounter. In general, soil can be classified into clay, loam and sand. 
With different mixed proportions and distributions of sand, loam and 
clay, there are mainly 10 types of natural soil in Australia. Those soils 
vary in grain size, chemicals, humidity, resistivity, porosity, pH, 
temperature and biology contents.49 Different soil properties affect a
buried pipe’s corrosion and CP efficiency in different ways.
x Soil resistivity
Soil electrical resistivity is often considered to be a key 
parameter affecting soil corrosivity and CP efficiency. A high soil 
resistivity is generally believed to reduce the rate of buried pipeline 
corrosion due to restricted ionic current flow that is accompanied by 
soil corrosion reactions.24 According to the NACE international 
document59, Corrosion basics: An introduction (Table 2.4), soil 
resistivity is closely related to metal corrosion.
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Table 2.4: Soil type and features influence on bare metal corrosion 
rates59
Soil resistivity, especially the non-uniform distribution of soil 
resistivity, can affect CP in a complex manner. The resistivity of the 
soil has a significant effect on (i) CP current distribution and (ii) the 
accurate control of CP potential due to the IR drop component of CP 
potential measurement. In buried steel structures, soil resistivity is 
usually the primary consideration in the first step of detailed CP 
design processes.60 It has been reported61 that soil resistivity is 
determined by soil components: salt water, dry rock and hydrated 
sediments. General soil resistivity depends on the composition of the 
above components. To counter the effect of high soil resistivity, the 
on potential CP levels of some pipelines are increased to more
negative values, such as -900mV, -950mV, or even -
1000mVvs.CSE.62,63
x Soil porosity and particle size
Porosity of soil is another important parameter that affects the 
CP efficiency by influencing the water retention ability and the air 
transfer rate of soil.64 The water retention ability determines the 
moisture level of the soil. The air transfer rate in soil influences the 
oxygen level in soil, and therefore affects some critical concentration 
polarisation reactions. Caceres65 reported a critical oxygen 
concentration that affects corrosion current density, corrosion 
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potential and hydrogen evolution rate. The porosity of soil is 
determined by soil grain size, texture, salinity and water content of 
the soil.66 Different particle sizes and shapes in soil are factors which 
can lead to different current distributions on the microscopic scale. 
For instance, the CP current could be partially shielded by large soil 
particles.67 For these reasons, standard fundamental physical 
porosity models have been developed for estimating soil hydraulic 
properties and air transfer rates based on soil particle size 
distribution.68
x The pH condition
Normally, the natural soil pH is between 5 and 8.56. External 
steel pipeline corrosion under natural soil pH conditions have been 
studied and reported by some researchers.69,70 It was reported that 
the corrosion rate calculated by weight loss from buried carbon steel 
is around 0.05-0.2mm/y in some specific types of soil with pH ranging 
between 5 and 7.69 However, very different corrosion rates were 
reported by other researchers71 who showed that the corrosion rate 
can reach 10-11mm/y if pitting corrosion penetration rates are 
considered. It should be noted that when CP is applied on a buried 
pipeline, the pH near the pipeline surface would be increased due to 
the cathodic reaction, making the original soil pH condition less 
relevant to steel corrosion under CP. Markus42 reported that the pH 
can reach 11-12 while some other researchers43 reported that the pH 
can reach 13 under CP. This high pH environment could significantly 
change the steel corrosion behaviour and CP performance 
fundamentally, due to formation of the passive film that would 
significantly reduce soil corrosion and the need for CP currents. It is 
a well-known industry experience that the CP current density 
required from an external current supply to shift potential to a safe 
state decreases with increasing CP duration.45
x Other environment factors 
Many other factors could affect corrosion and CP efficiency in 
soil. For instance, temperature could influence CP efficiency. Kim72
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concluded that when temperature is higher than 25 degrees Celsius, 
the CP -850mVvs.CSE criterion cannot sufficiently protect carbon steel. 
Moreover, organisms such as sulphate-reducing bacteria (SRB) may 
cause microbiological-induced corrosion73-75 which increases soil 
corrosion rates while iron-reducing bacteria (DIRB) form bio-films that 
can reduce corrosion rates76,77 under anaerobic conditions. 
Therefore, the CP current density requirement may be affected by 
such mixed species of micro-biological communities.78 Furthermore, 
offshore and shore-crossing pipeline systems can experience harsh 
marine conditions79 because the aeration rate in sea water is higher 
than that in soil. Moreover, the flowing seawater will reduce the pH 
surrounding the pipeline under a CP system. As a result, passive 
films are hard to form on the surface of exposed steel pipe. Marine 
biological activities also have an impact on the pipe CP system. 
Some bacteria create different aeration areas on the pipe and some 
anaerobic bacteria can generate sulphates that attack steel pipes.80
The environmental conditions around buried pipelines are 
actively changing. Seasonal or unpredictable changes occur in a
short period of time. For this reason, achieving a constant “safe” CP 
potential for a long pipeline can be a significant challenge.
2.4 POTENTIAL EXCURSION AND ITS INFLUENCE ON CP 
EFFICIENCY
It is generally accepted that a buried steel pipeline can be 
considered to be effectively protected by CP if a standard “safe” off 
CP potential level of -850mVvs.CSE is constantly applied.81 Under the 
CP, a high pH environment on the interface of metal/soil would be 
created which enables the bare steel pipe surface to be passive. 
However, there are several cases where CP may lose its efficiency 
and lead to corrosion of the buried pipeline. For example, stray 
current can lead to the cathodically protected buried pipe potential 
shifting to a less cathodic potential or even force it to a positive 
potential.32 As a consequence, corrosion, such as pitting corrosion, 
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can be initiated on the buried pipeline under the influence of stray 
current. 
Significant CP potential excursions are frequently reported in 
the literature as noted by Osella82, Niasati83 and Martin84. For 
instance, potential excursions from the standard CP potential level 
due to stray current influences are observed rather frequently on 
Australian pipelines.51 CP potential excursions can be due to man-
made leakage current from surface-operating vehicles (such as train 
or tram) or due to natural telluric current. They are often referred to 
as stray currents because these currents flow through paths other 
than the intended circuit.85 Fig. 2.6 illustrates stray current corrosion 
of a buried pipeline system due to man-made leaking current from 
trams and telluric current under insufficient ICCP conditions.
Fig. 2.7 upper image and 2.7 lower image show typical 24-
hour potential recordings monitored from practical buried pipelines in 
urban and rural areas.86 These typical pipeline potential recordings 
reflect that pipeline potential can be diverted significantly from the 
designed CP level. The CP excursion is dynamic with amplitude, 
duration and direction under the influence of stray current.
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Fig. 2.7 Field monitored CP potential records:
24-hours stray currents caused by a DC traction system in urban 
areas (upper image); 
24-hours stray currents caused by telluric transients influence on a 
gas pipeline CP potential in rural (lower image)86.
The typical man-made stray current that has impacted CP is 
usually from the AC or DC power tram or train railway systems which 
pass or cross a buried pipeline system. When the negative back path 
of the running-rail has a higher resistance than the rail-to-soil, the 
electric return path will prefer the more conductive pipeline as the 
flow path. The leakage of current, during tram or train activity, has 
been reported to lead to high corrosion damage on a buried pipeline, 
for instance as reported by Jones87 and Lowes88. Leakage of current 
from tram, train and other metro systems is known as the most 
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hazardous stray current corrosion source to buried pipelines under 
CP.89
The discovery of stray current corrosion problems can be 
traced to 1835, when the first electrified transit system was invented. 
It was an electric rail car which ran on DC power on a circular steel 
track.90 Since this invention became a widely used form of 
commercial transport in 1888 in Virginia in the United States, the 
currents leaking from rail systems have been noticed by telephone, 
water, gas pipelines and owners of other buried facilities.91 Initially,
this type of corrosion was thought to be caused by chemical 
reactions within soils. After a series of tests and research, current 
leaking from the electric rail tracks was identified as the main cause
of damage to the buried pipelines and other metal infrastructure. With 
fast developing urbanisation, the stray current damage problem in 
the buried pipeline industry is becoming more and more widespread 
and potentially more serious. In Martin’s report,92 a very large 
potential excursion, as high as 5V excursion from -850mVvs.CSE, was 
observed in a 515km north-east Australian pipeline. 
Natural telluric current is another type of stray current that 
causes CP potential excursions and may damage the pipeline 
system93,94. This type of electrical interference is induced by 
variations in the earth’s magnetic field that intersects buried metal 
structures such as pipelines.85 Chavalier61 noted that natural telluric 
currents are generated from the global electrical circuit (see Fig. 2.8). 
Telluric currents can enter the earth’s crust and penetrate the mantle 
to a depth of 600–800km, which in general is in a bipolar direction to 
the equator. The telluric current transient time can last from several 
seconds to several hours, such as in cases reported in France95, and 
the Pacific 96.
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Fig. 2.8 A plot of telluric current resources from the global electrical 
circuit.52
Stray current can directly or indirectly cause or exacerbate 
pipeline failure and reduce the buried pipeline design life 
expectancy.97,98 Under stray current disturbance, both the current 
entry and exit points may suffer damage: e.g. hydrogen 
embrittlement at entry or iron dissolution at the exit point.99 The point 
where the current enters the pipe may cause hydrogen evolution. 
This is due to the stray current shift from the cathodically protected 
bare pipe surface to an even more negative potential than standard 
CP potential. Hydrogen evolution occurs due to the water reduction 
reaction,
ܪଶܱ + 2݁ି ՜ ܪଶ + 2ܱܪି               (6).
Hydrogen evolution is also considered to be a possible cause of 
coating disbondment98,100 and reduction in steel ductility101,102.
When the current exits the pipe, the pipe surface where the 
current exits, potential is forced to shift to less negative than the 
“safe” CP level. As a result, defects where the stray current exits may 
experience rapid metal loss. A common form of external electrical 
interference is the anodic transient that causes the steel pipeline 
potential to shift rapidly in the anodic direction. Anodic transients 
have been reported to cause accelerated pipeline failure. For 
example, as Martin81 reported, it only took six weeks for a newly 
installed steel pipe to become perforated due to stray current 
corrosion in Sydney and only four weeks for a freshly installed 
underground pipe to become perforated in Melbourne, with the 
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corrosion rate as high as 80mm/y. Saeed et al103 also reported that 
the stray current corrosion rate is much higher than the normal free 
corrosion rate of steel pipes.
However the actual influence of stray current on corrosion is 
not fully understood. The potential excursion duration and magnitude 
are believed to be the main parameters that affect CP efficiency 
leading to pipe failure.104-106 Some other researchers suggest that not 
all types of potential excursions represent a corrosion hazard due to 
the passivation of iron under an anodic transient.107,108 In order to 
find out how “big” the potential excursion needs to be, especially the 
anodic transient (either in magnitude or duration) to cause pipeline 
corrosion problems in the field, some empirical attempts have been 
made based on field inspection data. For instance, Peabody93
described a “rule” that an anodic transient of 1 hour duration would 
lead to a 27% increase in buried pipeline corrosion risk, while an 
anodic transient of 1 day’s duration would increase the “chance” of 
corrosion by 50%. However, these parameters in the “rule” are based 
mostly on experience than on any clear justification or fundamental 
understanding.
2.5 TECHNOLOGIES FOR QUANTIFYING THE EFFECTS OF
POTENTIAL EXCURSION ON CP EFFICIENCY
Potential recording is the most commonly used method for 
monitoring potential excursion activities in the pipeline industry. This 
method monitors the potential of buried steel structures against a 
stable reference electrode109, as illustrated in Fig. 2.9. In the field, 
pipeline potential measurement can be achieved by connecting a 
high internal resistance voltage meter to the buried pipe with one 
output plug, and connecting the other output plug to a reference 
electrode110). By measuring the potential difference between the 
buried steel pipeline and the reference electrode, which is placed on 
the surface of the ground as shown in Fig. 2.7, the CP can be
monitored and the stray current hazard estimated. This potential 
excursion monitoring can be done in various ways. Park et al111
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measured average potential between underground facilities and 
electric traction rails in order to determine stray current magnitude. 
They found that when the stray current influences a cathodically 
protected buried pipeline, the measured pipe-to-soil mean potential 
value can deviate from designed CP levels significantly. The potential 
deviation reflects that the buried pipeline is under insufficient CP due 
to the stray current influence.
Fig. 2.9 Method of potential survey on stray current corrosion
Zakowski and Darowicki112 detected stray current by 
comparing the dynamic potential fluctuation range with a stationary 
potential value. The stationary potential is the potential value 
measured on the buried metallic structure, e.g. steel pipeline, during 
periods without stray currents present. It is suggested that the larger 
the potential fluctuation range, the greater the intensity of stray 
currents in the test region and the more risk of stray current corrosion 
on the buried metallic structure.
Although potential recording is a convenient method for 
monitoring stray current corrosion activities employed in the pipeline 
industry, potential recordings do not provide sufficient information 
54 | P a g e
about CP efficiency, corrosion initiation, corrosion rates and patterns 
under the effect of stray currents. 
Modelling has also been used as a method to predict stray 
current corrosion hazard. By simulating the field potential excursion 
influence on a buried metallic structure, Darowicki112 used a short-
time Fourier transformation method to analyse the stray current field 
interference data with time-frequency processes. It is stated that this 
method can identify a stray current source and estimate whether it
would damage the buried metallic structure. Anne113 used Elsyca’s 
software CatPro® and CPMaster® to model the corrosion of various 
steel piles and pipelines under the effects of various potential 
excursions. The software has been used to evaluate stray current 
corrosion hazards and distribution, as well as to detect stray current 
sources. However, the verification of the accuracy of these models 
and predictions has been a major difficulty because of the lack of 
reliable experimental data. The dynamically changing and stochastic 
nature of stray current influence makes the correlation between 
pipeline potential excursion and corrosion extremely difficult.109
Coupon testing is another popular method used of evaluating 
stray current corrosion. In the field, the coupon test is carried out by 
attaching a steel coupon to the pipeline (to mimic a defect on the 
pipe) through a test point. A reference electrode is then placed close 
to the coupon. The setup is illustrated in Fig. 2.10. The potential 
reading can be obtained using a voltmeter and a reference electrode. 
After a long period of exposure to the test environment, the coupons 
are excavated, and weighed after being cleaned using inhibited acid 
(e.g. 15% HCl) and rinsed with running water. The averaged 
corrosion rate of the coupons over the testing period is calculated by 
the equation114,
ܥܴ = ௐ(஽×஺×௧) × ݇
Where: W is weight loss in grams; k is a constant (22300); D is metal 
density in g/cm3; A is coupon area (in inch2) and t is testing duration 
of time (in days).
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Fig. 2.10 Method of coupons test on monitoring stray current 
hazard
Barbalat et al115 used a coupon test and noted that the 
corrosion rates of steel coupons buried in sand under CP decreased 
to 10μm/y in the field for a 2.5 month test duration. Saeed et al103
used a coupon test to determine the dynamic stray current corrosion 
hazard on different pipeline alignments with respect to a railway in 
the city of Tehran. They found that the stray current influence on the 
potential fluctuation magnitude is decreased by the transverse 
distance of parallel pipelines. Two recommendations for improving 
the CP criteria were suggested. One was that the criteria should 
include the critical value for the potential fluctuation magnitude and
the other was that the criteria should consider the overprotection and 
corrosion probability. 
Coupon tests are also widely used in laboratory research to 
obtain corrosion data under controlled experimental conditions. 
These data are essential for a fundamental understanding of the 
effects of potential excursions on corrosion of cathodically protected 
buried steel. Birbilis et al116 studied the effect of anodic transients 
with different anodic-to-cathodic durations on the corrosion of mild 
steel bars (as coupons). Tests were carried out using cathodically 
protected steel bars under the effects of CP excursions under 
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potentiostatic control. After a long testing period, the test coupons 
were analysed by mass loss in order to obtain kinetic information 
regarding the effects of anodic transients on steel corrosion in a
sandy soil cell. The results showed that the longer the anodic 
transient duration, the higher the corrosion rate. Furthermore, 
calcareous chemicals in the media would reduce corrosion rates 
during the stray current influence. However, weight-loss coupon tests 
can only provide average corrosion rates over extended periods and 
cannot provide in-situ corrosion rate data required for quantifying the 
effects of short-term CP potential excursions on pipeline corrosion. 
For this reason, this method is unable to provide data required for 
correlating corrosion behaviour and rates with fast changing anodic 
transients. 
In order to obtain in-situ corrosion information under the 
influence of anodic transients, electrical resistance (ER) probes were 
designed and applied to monitor stray current corrosion in a buried 
pipeline system. By mimicking pipe coating defects on short, 
separated pieces of pipes, the ER probe monitoring system can 
collect useful corrosion data that is relevant to real pipe corrosion.103
When corrosion occurs, the cross-section of the metal is reduced and 
consequently its electrical resistance increases. By monitoring these
changes, the ER probe could directly obtain information about steel 
corrosion under the stray current influence. Birbilis et al86 used an ER 
probe array to measure corrosion on CP protected steel coupons 
buried in sand boxes under the effect of anodic transients. Fig. 2.11 
is the schematic diagram of the ER probe test cell exposed to a soil 
environment. From ER probe data, it was concluded that the longer 
the anodic transient, the higher the corrosion rate. However, since 
the ER probe measures corrosion rate by measuring the changes of 
resistance of a thin metal probing element, it is not sensitive in 
detecting localised corrosion because localised corrosion, especially 
pitting corrosion, may not lead to measurable resistivity changes in 
the probing element.117 Since localised corrosion is often the key 
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process triggering pipeline failure in highly resistive and 
inhomogeneous soil systems,118 it is critical to detect localised metal 
losses. Unfortunately, ER probes have limitations in the detection of 
localised corrosion, especially pitting corrosion, under the effects of 
stray currents.
An optical fibre sensing system119 is another tool proposed for 
in-situ monitoring of stray current corrosion hazards. When stray 
currents flow through the probe, the magnetic field changes due to 
the stray current inducing influence that can change the linearly 
polarised light angle. However, this tool has similar limitations to the 
ER probe, being unable to detect localised corrosion, especially 
pitting corrosion initiation.
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Electrochemical corrosion testing methods have also been 
applied for monitoring stray current corrosion. For instance, 
Thompson et al120 used an electrochemical impedance spectroscopy 
(EIS) method to detect steel corrosion behaviour under different 
potential conditions in both soil and concrete environments. They 
found that when buried steel was under very negative CP, e.g. -1.0V 
or -1.2Vvs.CSE, the impedance of the steel surface was reduced due to 
the cathodic reactions occurring at the electrode surface. However, 
other researchers pointed out that the EIS method may not 
accurately detect electrochemical corrosion information under CP in 
soil environments because the applied CP current raised the 
cathodic current and reduced the anodic current.121 Indeed CP 
introduces a significant complication to traditional electrochemical 
techniques such as EIS, since conventional electrochemical 
polarisation methods are designed to determine corrosion kinetics 
around the open circuit corrosion potential. 
Another electrochemical corrosion testing method is a linear 
polarisation resistance (LPR) technique which detects buried steel 
corrosion related to information by establishing a linear relationship 
between the polarisation resistance of the corroded steel surface and 
corrosion rate under OCP.29 However it is difficult to apply this 
method under CP. 
Other issues associated with electrochemical corrosion testing 
in highly resistive and inhomogeneous media include practical 
problems associated with the installation, observation and 
maintenance of conventional two- or three-electrode cells for 
electrochemical testing in sand or soil. In highly resistive and 
inhomogeneous sand or soil, significant IR potential drops and non-
uniform polarisation current distribution problems can cause 
difficulties in repeating experiments and significant uncertainties in 
data and analysis. Another issue concerns theoretical limitations 
associated with conventional electrochemical methods in measuring 
localised corrosion. In highly resistive and inhomogeneous sand, 
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localised corrosion is often the key process triggering corrosion 
failure. Conventional electrochemical methods have common 
limitations in measuring localised electrochemical thermodynamic 
and kinetic parameters because they are developed based on a 
uniform corrosion mechanism. 
Besides the technological difficulties in monitoring and 
quantifying stray current corrosion, the simulation of soil 
environments is also a challenge. This is because soil properties, 
e.g. soil resistivity and humidity, and their distribution in a test cell 
can vary significantly from time to time and from test to test leading to 
significant uncertainty in stray current corrosion testing.122 These 
practical issues make reproducibility of measurements difficult to 
accomplish. In order to overcome these challenges, aqueous test 
cells are sometimes designed and applied to simulate soil cell 
environments in order to achieve better experimental reproducibility 
and to facilitate visual observation of corrosion behaviour under stray 
current influences. For instance, Büchler123 used an artificial soil 
solution to study stray current influences on CP efficiency. He found 
that the pH-value on the metal surface can influence the corrosion 
rate under a stray current. Pagano124 used aqueous test cells under 
stray current influence and found that the higher the pH value, the 
lower the corrosion rate of the carbon steel. Liu et al125 used 
anaerobic aqueous test cells with initial pH of 6.3-6.5 to investigate 
the effects of potential fluctuations (ranging from -950mVvs.SCE to -
800mVvs.SCE) on corrosion of cathodically protected carbon steel 
(X70). The potential fluctuations were simulated by applying square-
wave polarisation (SWP) to influence signals of different duration on 
the steel electrode. It was found that the longer the SWP duration,
the higher the pitting corrosion rate. Other aqueous tests are also 
presented by other researches including Kim79, and Rehim126.
However, it should be noted that these aqueous tests cannot fully 
simulate soil corrosion under the effects of stray current for long-term 
tests.127
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In summary, technological difficulties are considered to be the 
prime reason responsible for the lack of conclusive experimental data 
and evidence that could be used to effectively quantify the effects of 
potential excursions on buried steel corrosion. Similar views have 
been expressed by Zakowski et al109 and Saeed et al103. Zakowski et 
al109 noted that past research based mostly on collecting field data 
cannot provide a precise conclusion about the influence of stray 
current corrosion on CP protected-buried pipelines and other buried
infrastructure. Saeed et al103 noted a lack of methods to directly 
measure and quantify dynamic stray current corrosion.
2.6 CONCLUDING REMARKS
Stray current influence on CP efficiency is one of the most 
significant threats for buried pipelines. The study of stray current 
corrosion through soil tests is a major challenge due to the 
complexity of soil environments and the dynamic nature of stray 
currents. Unfortunately, at the moment, existing technologies have 
difficulty in monitoring corrosion, especially localised corrosion, under 
dynamically changing stray currents in a soil environment. This is 
considered to be the prime reason for the lack of conclusive 
experimental data and evidence that could be used to effectively 
quantify the effects of stray current influence on buried steel 
corrosion. Therefore, the first purpose of this project is to improve the 
research methodologies that can directly measure and quantify 
dynamic stray current corrosion.
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METHODOLOGY DEVELOPMENT
This chapter reports technological developments made to 
overcome major challenges in obtaining conclusive experimental 
data and evidence that can be used to effectively quantify the effects 
of stray current influence on buried-steel corrosion. These challenges 
include the complexity of soil environments and dynamic changing 
nature of the stray currents. A major effort has been made to achieve 
better simulation and control of buried pipeline conditions and stray 
current signals. Significant work has also been conducted to develop 
the capability of in-situ measurement of corrosion data, especially 
localised corrosion rates required for quantifying the effects of 
dynamically changing anodic transients.
3.1 IMPROVING SOIL CORROSION TESTING CELLS FOR 
SIMULATING BURIED PIPELINE ENVIRONMENTAL 
CONDITIONS
Buried steel corrosion environments in soil are highly complex 
not only because the soil chemistry is extremely complex1, but also 
because the soil physical conditions, such as resistivity, aeration, 
humidity, and particle size are highly variable.2 Fig. 3.1A shows a 
typical soil corrosion cell setup that was designed for simulating steel 
corrosion in soil under the effects of various environmental variables 
and electrical interference signals. This experimental setup is 
basically a conventional three-electrode electrochemical cell, a
working electrode, a counter electrode and a reference electrode.
This setup has been used for studying stray current corrosion on 
cathodically protected buried steel.3-5
Chapter 3
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3.1.1 Evaluating a conventional soil cell design 
In order to evaluate the suitability of this cell for quantifying the 
effect of anodic transients on buried steel corrosion, experiments 
have been conducted using this conventional sand cell. As shown in 
Fig. 3.1A, the working electrode used in this cell was a mild steel bar 
with a heat-shrink tube sealed at both ends of the bar and the 
exposed area of the bar was 225mm2. The counter electrode (CE) 
was a mixed metal oxide (MMO)-Ti-mesh 20cm long and 1cm wide.
A silver/silver chloride/sat. (Ag/AgCl/sat.) was used as the reference
electrode. In this test, the mild steel bar, counter electrode and 
reference electrode were buried in 1000 .cm washed fine sandy soil 
media. The sandy soil resistivity was adjusted by 0.5mol/L NaCl 
solution and the resistivity was measured by a Miller-soil box (M. C. 
Miller Co., Inc.). In order to maintain the humidity of the whole 
system, the cell was covered by a plastic sheet. A cyclic square wave
(see Fig. 3.1B) +1000mV anodic potential excursion from CP -
850mVvs.CSE for 1 minute and 4 minutes at CP -850mVvs.CSE was 
applied after 24 hours CP at -850mVvs.CSE for 7days.
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A: Experiment setup and the corroded coupon surface after test.3
B: Cyclic +1000mV anodic potential excursion (to +150mVvs.CSE) for 
1-minute influence on buried coupon and CP -850mVvs.CSE for 4
minutes after 24 hours CP at -850mVvs.CSE in sandy soil test.
Fig. 3.1 The first experiment of stray current corrosion on buried 
steel under CP.
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Some limitations have been identified from this first stray 
current corrosion experiment in sandy soil media. Firstly, 
environmental variables in the soil test cell can be difficult to control 
or repeat. Soil resistivity varied significantly with the depth of the soil 
in the sand cell (ranging from 3000 FP at the bottom soil to 10000
.cm at the top soil). This increase in soil resistivity is believed to be 
due to a non-uniform distribution of soil moisture in the cell caused by 
the evaporation of water at the top and the accumulation of water at 
the bottom of the cell due to gravity. According to a NACE 
International report (see Table 2.4), soil resistivity is closely related to 
metal corrosion. Jiang et al6 found that the corrosion rate of carbon 
steel significantly increased when the soil moisture increased from 
20% to 60%. On the other hand, the unfixed distance between the
reference and working electrodes can cause uncertainties in potential 
measurements and control due to the existence of IR drop. The use 
of a bar-shaped working electrode and the arrangement of the 
counter electrode may cause a non-uniform distribution of CP and 
polarisation potential. Also, the bar-shaped working electrode is not 
convenient for measuring the localised area metal loss depth by 
analysis equipment, such as an optical profilometer or scanning 
electron microscope. All these factors can affect the reliability and 
reproducibility of electrochemical corrosion measurements in the soil 
corrosion cell. For instance, by using a conventional three-electrode
electrochemical soil cell setup3, the coupon’s corrosion rate 
measured by a weight-loss method can have five times the difference 
between each repeat test, see Fig. 3.2 (totally three samples were 
tested under same signal influence conditions). Improvements must
be made to overcome these issues.
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Fig. 3.2 Coupon corrosion rate records after 28 days’
experimentation under cyclic +850mV anodic potential excursion (to 
0mVvs.CSE) for 1-minute influence on buried coupons and CP -
850mVvs.CSE for 4 minutes after 24hours CP at -850mVvs.CSE in 
conventional sandy soil cell setup, as shown in Fig. 3.1A.3
3.1.2 Improving the sandy soil cell design 
In order to achieve the objective of obtaining unambiguous 
data in sand or soil corrosion experiments, a new soil cell has been 
designed through better control of soil resistivity, minimising IR drops 
and improving current distribution in the soil cell.
1) Improving soil resistivity control
In order to maintain a constant soil resistivity and avoid major 
soil resistivity changes over test periods, several improvements have 
been made. Washed river sand was selected to simulate sandy soil 
in the soil cell. Sand was heated for 24 hours at 104°C in an oven in 
order to have the sandy soil fully dried and to achieve a high 
resistivity over 10Mega .cm. After being cooled down to room 
temperature, the resistivity of sand was adjusted by 0.5mol/L NaCl 
solution to 1000 .cm resistivity. The proportion of sand and solution 
is 13kg sand per 1L solution. Sand prepared in this manner was used 
to create a “baseline” condition in soil testing cells. Corrosion in 1000
.cm sand resistivity is considered to be moderate and appropriate 
72 | P a g e
for simulating typical buried pipeline conditions and for completing 
corrosion tests in a relatively brief time. In order to maintain the 
moisture level in the cell, the sandy cell was sealed to prevent 
evaporation. More importantly, the testing electrode was placed in 
the middle layer of soil. As shown in Fig. 3.3, the soil resistivity of the 
middle layer of soil was found to be able to maintain the intended 
approximately 1000 .cm resistivity over a long period. Fig. 3.3
shows that after 15 days, the middle layer of soil maintained almost 
“constant” soil resistivity of approximately 1000 .cm. 
Fig. 3.3 Sandy soil resistivity in a soil cell after 15 days
2) Minimising the IR drop 
The potential gradient (IR drop) in soil has significant influence 
on the measurement and control of the level of CP and polarisation
potentials.7 It should be noted that if a varying stray current exists,
the IR drop changes dynamically and is difficult to determine.8,9 For 
this reason, minimising IR drop is important in the study of stray 
current effects. Fig. 3.4 is a soil cell with IR drop minimised using a 
Luggin capillary placed close to reference electrode 1 (RE 1, 
Ag/AgCl/sat. reference electrode). A conductive membrane plug is 
used to prevent solution running out of luggin probe tip. The distance 
between the steel surface and RE 1 (with Luggin tip) is less than
2mm and the Luggin probe is filled with 0.5mol/L NaCl solution. In 
order to compare potential measurement using IR drop minimised 
and non-minimised reference electrodes, as shown in Fig. 3.4,
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another reference electrode (RE 2, also with Luggin capillary) was 
placed in the sand cell. The distance between the steel surface and 
RE 2 (with Luggin tip) is approximately 10cm. A CP potential of -
950mVvs.CSE was applied to the steel surface with RE 1 as the 
reference electrode. Fig. 3.5 shows the potential monitoring results 
from both RE 1 and RE 2 over a period of 7 days. It can be seen that, 
under constant CP condition, the potential difference from 
measurements using RE 1 and RE 2 as the reference electrode is 
approximately 100mV. Similar IR drops were reported in Ding’s8
paper, which shows an IR drop of around 50mV.
Fig. 3.4 Luggin capillary for reducing IR drop.
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Fig. 3.5 Potentials measured with and without minimising IR drop 
over 7 days test under constant CP at -950mVvs.CSE.
3) Replace bar shape coupon with flat shape coupon
A flat mild steel coupon (chemical composition: wt% C 0.43, Si 
0.22, Mn 0.72, P 0.013, S 0.015, Ni 0.05, Cr 0.1, Cu 0.12 and Fe) 
was cut into 5cm by 7cm rectangular shapes and the four edges as 
well as the back of the coupon were covered with epoxy. Then, the 
front side of the coupon was polished by grit 80, 240 and 600 sand 
paper. In order to have a bare metal area not influenced by the 
experimental conditions as a reference area, the polished coupon’s
front-side top area (around 2cm by 5cm) was covered with 
removable self-bonded tape. Then, the whole front side was coated 
with HBE 9510, leaving a 2cm diameter round bare metal defect on 
the surface. The HBE 95 pipe coating is an advanced two-
component epoxy coating. It’s normally used for protection of field 
buried pipe body, joints and repair buried pipeline holidays. Fig. 3.6 
shows the flat coupon preparation procedures for the sandy soil 
experiment.
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4) Improving current distribution uniformity
The current distribution has been improved by adding more 
counter electrodes (Ti mesh) that allow more even and constant CP 
and anodic transient current conditions. The counter electrode (CE) 
surface area needs to be a lot bigger than the working electrode 
(WE). The general idea is that the current through the cell is 
controlled by the reaction at the working electrode. The CE needs to 
be able to instantaneously provide whatever current the potentiostat 
demands to maintain the reference electrode and working electrode
potential difference. Exchange current densities for solvent 
electrolysis are generally low, so the only way to stop the CE reaction 
from limiting the cell current is to make the CE surface area bigger 
and distribute evenly.
The improved electrochemical testing cell was constructed 
using two Ti-mesh sets as counter electrodes positioned on both 
sides of the working electrode. Each Ti-mesh set was made by 
combining five 15cm by 1.5cm Ti-mesh strips. 
The fully improved sandy soil cell setup is shown in Fig. 3.7.
Using this new cell, experimental reproducibility has improved. The 
coupon’s whole surface corrosion rate measured using an optical 
profilometer with the difference between each repeat test significantly 
reduced, see Fig. 3.8.
Fig. 3.7 Improved sandy soil setup
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Fig. 3.8 Coupons’ corrosion rate records after 15 days’
experiment under cyclic +1000mV anodic potential excursion (to 
+50mVvs.CSE) for 2 minutes’ influence on buried coupons and CP         
-850mVvs.CSE for 18minutes after 24 hours CP at -850mVvs.CSE in 
sandy soil cell shown in Fig. 3.7.
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3.2 DEVELOPING NEW AQUEOUS CORROSION CELLS FOR 
SIMULATING SOIL ENVIRONMENTAL CONDITIONS
Although the improved soil cell overcomes some obstacles for 
the effective control of experimental variables in sand and soil 
environments, it is desirable to simplify it further by using an aqueous 
cell that simulates soil cell conditions, especially “worst-case 
scenario” pipeline conditions. Possible advantages of this type of 
aqueous cell include easier control of testing conditions and 
parameters, in particular environmental uniformity, that are essential 
for achieving optimal test reproducibility. It also helps to avoid 
practical difficulties associated with the installation, observation and 
maintenance of conventional two- or three-electrode soil cells. On the 
other hand, it enables in-situ visual observation of corrosion 
processes and patterns. An aqueous testing cell may simulate the 
“worst case scenario” condition that practical pipeline systems could 
experience, for instance a flooded pipeline section, a river-crossing 
or a shore-crossing pipeline section.
3.2.1 Evaluating a conventional aqueous cell design 
Various aqueous cells have been used in the past to 
investigate corrosion under various environmental and CP 
conditions. For instance, they have been used to mimic corrosion in 
seawater under the effects of stray currents11; to study the influence 
of alternating voltages on passivation and corrosion properties of 
pipeline steel in high pH solutions,12 and for investigating the effects 
of alternating current interference on coating disbondment on 
pipeline steel13. However, the ability and performance of these 
aqueous cells in simulating soil corrosion and CP conditions have not 
been studied in any detail. 
The first attempt at designing an aqueous electrochemical cell 
was made by mimicking a normal sand cell setup. As shown in Fig. 
3.9, this employs an electrolyte to mimic the high resistivity and 
chemical environment in sandy cells such as the one shown in Fig. 
3.1A. A NaCl solution (0.5g/L) of typically 1000 .cm resistivity was 
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used to achieve the same resistivity as sand in the equivalent sand 
cell shown in Fig. 3.1A. The resistivity is calculated from the 
reciprocal of the conductivity meter (ASIS Scientific PTY LTD Aqua 
conductivity meter) measured value. It is known that the most 
important sand property that significantly affects buried pipeline 
corrosion rate is sand resistivity14. A 5cm by 5cm square mild steel 
coupon 0.3cm thick was used as the working electrode with both 
sides of the coupon exposed to the aqueous solution. Two Ti-mesh 
electrodes were used as counter electrodes and were located on 
either side of the mild steel coupon to improve current distribution 
uniformity in the cell. The cell was open to the air and oxygen can 
dissolve in the test solution. 
This cell was used in a test to evaluate the corrosion and CP 
under the effect of a simplified form of potential excursion. A ±250mV 
sine wave potential excursion was applied on a CP potential of                 
-850mVvs.CSE. The sine wave, as shown in Fig. 3.10, had a frequency 
of 1 cycle per minute and was superimposed on the CP potential 
after 24 hours initial CP at -850mV vs. CSE. A Bio-Logic potentiostat 
was used to apply CP and sine wave potential excursion signals. 
Fig. 3.9 Normal aqueous test cell setup
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Fig. 3.10 The applied potential excursion signal.
Although the electrochemical cell shown in Fig. 3.9 could 
effectively simulate the resistivity of the sand, as well as the CP and 
potential excursion conditions on the steel surface, it became evident 
that the steel coupon surface in the cell could not establish the 
surface pH conditions of steel buried in soil under CP. As shown in 
Table 3.1, the pH of the test solution remained low, which is very 
different from the high pH conditions experienced by buried steel 
pipelines. The solution pH was measured by pH meter (EUTECH 
instruments pH meter).
Table 3.1 pH values recorded from the aqueous test cell 
24 hour CP
-850mV vs. CSE
First day Second day Third day
pH 7.2 7.0 6.0 6.9
Significant corrosion occurred on the steel coupon surface, as 
shown in Fig. 3.11, and a very large current was measured during 
the test period. As a result, a high general corrosion rate of 0.97mm/y 
was recorded from the coupon surface exposed to the aqueous cell. 
It is apparent that the aqueous cell shown in Fig. 3.9 failed to 
simulate steel corrosion conditions in soil. This is believed to be 
primarily due to the fact that the cell is not able to simulate CP-
81 | P a g e
induced high pH conditions commonly developed over a buried steel 
pipeline surface. 
It is well known that the primary CP cathodic reaction:
ܱଶ + 2ܪଶܱ + 4݁ି ՜ 4ܱܪି
can lead to a high pH environment at the steel surface and induce 
passivation on buried steel surfaces.15 This suggests that the 
simulation of pH conditions over steel surfaces is critical, and 
therefore an improvement of the cell design is needed to address this 
issue.
Fig. 3.11 Polarisation current measured from the coupon between 3rd
and 6th days of CP and potential excursion test and photo of 
corroded coupon after 7 days of test in the aqueous cell shown in 
Fig. 3.9
3.2.2 Improving the aqueous cell design 
Fig. 3.12 is a new aqueous electrochemical cell design that 
uses an anion exchange membrane to separate the electrolytes in 
the anodic and cathodic zones. The anion exchange membrane is 
one of the ion exchange membranes that are broadly used in water 
treatment engineering, such as the potable water industry16,17, the 
desalination industry18 and the wastewater treatment industry19. Ion 
exchange membranes have high conductivities and low exchange 
rates for ions, such as monovalent, nitrate20, hydroxide ions21,
monovalent metal ions22,23, as well as divalent, Ca2+, Sr2+, Ba2+, and 
Zn2+.24,25 Ion exchange membranes have been used previously in the 
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electrochemical research field. For instance, Virkutyte26 used an ion 
exchange membrane to remove nitrate from solution. In this work, for 
the first time, the anion exchange membrane AM(H)-PP membrane 
from the Czech Republic MEGA a.s. company is used as the 
separation wall for the working electrode and counter electrode in CP 
experiments. The basic materials of an AM(H)-PP membrane are 
polyethylene and polypropylene. The ion-exchange group is 
quaternary ammonium (QA), which is an inert ion in most test 
conditions.27 The resistance of this membrane is only approximately 
8 .cm in a 0.5 mol/L NaCl solution.
Fig. 3.12 Improved aqueous test cell setup
The electrochemical cell shown in Fig. 3.12 was used to carry 
out the same corrosion and CP test described in Section 3.2.1 except 
that a membrane was used to avoid pH changes due to the mixing of 
solutions from the anodic and cathodic zones, while maintaining 
conductivity to the ions in the electrochemical cell. The electrolyte 
volume between the membranes is around 800ml. The 
electrochemical cell was exposed to the air and oxygen can dissolve 
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into the test solution. The test was continued for 15 days with
standard CP potential -850mVvs.CSE applied on the steel specimen for 
the first 24 hours, and ±250mV sine wave potential excursion from 
the CP -850mVvs.CSE (1 cycle per minute) applied for the next 14 days. 
After the test, the corroded coupon surface was cleaned with an 
inhibited acid solution28 before microscopic observations. As shown 
in Fig. 3.13, only a few pits were observed on the steel coupon 
surface after 15 days of exposure to the test cell. As shown in Fig. 
3.13, low anodic currents with peak values of approximately 1.5mA, 
were recorded from this cell. These anodic currents are much lower 
than those recorded from the conventionally designed aqueous cell 
shown in Fig. 3.11 (with peak values of approximately 9mA).
Fig. 3.13 Polarisation current measured from a coupon 
between 3rd and 6th days of CP and potential excursion test and 
photos of corroded coupon after 15 days of test in the improved 
aqueous cell shown in Fig. 3.12.
The uniform corrosion rate of the corroded coupon over 
general areas shown in Fig. 3.13 is only around 0.07mm/y. This low 
corrosion rate was probably due to the passivity of the steel surface 
under high pH conditions. However, it should be noted that the 
passivity of the steel surface in this cell was not stable because
significant localised pitting occurred in the cell (up to 0.8mm/y). 
This localised corrosion rate was measured by an optical 
profilometer. In this electrochemical corrosion cell, the pH around 
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the coupon maintained higher values (around 9.5) than those 
recorded during the previous aqueous test (between pH5-7). 
Although the pH values and distributions in the new aqueous 
cell may not fully simulate the buried pipeline CP system, they do 
produce a passive condition and corrosion behaviour similar to that 
observable on buried pipeline surfaces. The significant difference in 
steel corrosion behaviour on coupons exposed to the two different 
aqueous cells confirms the critical effects of surface pH values on
steel corrosion. This experiment suggests that the effectiveness of 
CP can only be achieved if the pH at the steel surface increases to 
achieved passivity. 
More detailed discussion of the application of these new soil 
and aqueous cells for simulating steel pipeline corrosion in soil under 
the effect of various forms of anodic transients has been presented in 
a publication that is attached to this thesis as Appendix 1.
3.2.3 Improving the analysis of corroded steel surface 
A practical issue that can affect the accuracy of corrosion rate 
measurement, especially localised corrosion rate determination, is 
the method for surface rust removal and surface corrosion depth 
measurement. In this work, acidic cleaning was carried out based on 
NACE Standard TM-016928 solution (1L conc. HCl, 20g Sb2Cl3, and 
50g SnCl2) as a rust removal method. Acidic cleaning can effectively 
remove corrosion products. Fig. 3.14 schematically presents the 
processes of acidic cleaning. Another reference coupon test (5cm by 
5cm bare steel) Fig. 3.15, showed that the acidic cleaning method 
removed a metal layer around 1ȝm thick during the cleaning process. 
An optical profilometer was used to measure the depth difference 
between the exposed and unexposed to the acidic cleaning solution 
areas.
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Optical surface profilometer equipment (Wyko NT9100 
interferometry profilometer) was used to measure the coupon’s
general and localised area depth loss. Optical profilometer analysis
was found to be an effective method for determining not only general 
corrosion loss but also localised corrosion rate, such as pitting
corrosion rates. Fig. 3.16 shows the procedures of the optical 
profilometer in measuring general corrosion loss on a corroded 
coupon surface. The measured depth difference between the 
corroded area (exposed to the experiment environment) and no 
corrosion area (unexposed to the experiment environment) was then 
calculated into an annual corrosion rate using an equation, 
 
ܣ݊݊ݑ݈ܽ ܿ݋ݎݎ݋ݏ݅݋݊ ݎܽݐ݁ (݉݉/ݕ) = (ܦ/ܶ) כ (365כ24כ60כ60)
Where D is the measured depth loss in mm and T is the total 
test duration in second.
Fig. 3.17 schematically presents the processes of using the 
optical profilometer to measure pit depth. The measured highest 
depth difference between pit area and reference area is used to 
calculate the highest localised corrosion rate by the above equation. 
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3.3 DEVELOPING A TEST MATRIX FOR SIMULATING MAJOR
FORMS OF STRAY CURRENTS
A typical snap shot of stray current data taken over a 20-hour 
period at three locations around Melbourne, Australia, is shown in 
Fig. 3.18. It can be seen that generally, potential excursions such as 
anodic transients, are between 10 seconds and 30 seconds duration 
and vary in frequency from 2-3 minutes in central Melbourne to 10-20
minutes on the fringe of the Melbourne traction system. However, it 
should be noted that a longer duration and large amplitude anodic 
transients were also recorded on Australian pipelines. In Chapter2, 
the Figure 2.7 shows examples of anodic transients with very large 
amplitudes (see Fig. 2.7 upper image), and with long durations of 
almost 30 minutes (Fig. 2.7 lower image).
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Given the complexity of potential excursion signals and the 
underground environment, a suitable test conditions matrix is needed 
to simplify and reasonably simulate these complex corrosion 
conditions. Currently, industry concern has been mainly on potential
shifting to the anodic direction, i.e. anodic transients, because anodic 
transients are believed to enhance anodic corrosion dissolution of 
steel pipeline. For this reason, this research is focused on the 
simulation of major forms of anodic transients although the effect of 
cathodic transients is also considered. 
A test conditions matrix should allow the determination of the 
amount of corrosion as a result of anodic transient events of varying 
magnitude (from a few mV to the Volt range) and of varying duration 
(from a few seconds to few hours, the latter usually corresponding to 
telluric excursions). A test conditions matrix should also allow the 
determination of the amount of corrosion for a fixed potential 
excursion type (with fixed magnitude and duration) as a function of 
the original CP potential (e.g. -850mVvs.CSE and -950mVvs.CSE). 
An important strategy applied in this research is to select a 
test conditions matrix by focusing on the “not specified” parameters 
in the criteria matrix in the current Australian Standard AS 2832.129.
Table 3.1 presents current criteria in AS 2832.1, while Table 3.2 
shows a conditions matrix for a major focused testing program to 
validate the criteria contained in the current revision of AS 2832.1. 
Note that test parameters in the current Australian Standard 
criteria matrix were determined based on experiences gained 
through the analysis of field CP potential transient data such as those 
shown in Fig. 3.18. These parameters such as “% of time not more 
positive” are selected in a rather subjective manner. There is a need 
for solid experimental supporting evidence for the selection of these 
parameters.
As shown in Table 3.2, sine and square waves were selected 
to simulate potential excursion signals. This is because, as shown in 
Fig. 3.18, the low frequency sine wave could be used to simulate 
93 | P a g e
slow moving underline potential shifts while the square wave can 
simulate “spike” types of anodic transients.
Different anodic transient durations (from 30 seconds to 2
minutes) and anodic transient amplitudes (from 250mV to 1000mV) 
are selected to simulate typical anodic durations frequently observed 
in field recordings such as those shown in Fig. 3.18. Some extra 
experiments with very long anodic transient durations (e.g. 24 hours) 
and amplitudes (e.g. 1950mV) have also been conducted in this 
research to understand fully the effects of anodic transient durations 
and amplitudes. 
Major environmental conditions have been fixed based on 
typical industry conditions. For instance, sandy soil with resistivity of 
1000 .cm was selected as the test media; reduce the IR drop by 
using Luggin capillary tube and control the temperature at room 
temperature (20 degrees). 
Major environmental variables included in this study were the 
level of CP and the duration of prior CP. As shown in Table 3.2, two 
CP levels that are commonly used in different pipeline systems, i.e. -
850mVvs.CSE and -950mVvs.CSE, have been selected in this research. 
The duration of prior CP is usually 24 hours to allow the development 
of a high pH condition over the steel surface before potential 
excursion tests start.
Table 3.1 Current criteria as per AS2832.125
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3.4 A NEW METHOD FOR IN-SITU CORROSION MONITORING 
UNDER DYNAMIC STRAY CURRENT INFLUENCES
Existing technologies have difficulties in monitoring corrosion, 
especially localised corrosion, under the effects of dynamically 
changing stray current in soil environment. To overcome this 
limitation, a new method has been developed based on the 
innovative use of the wire beam electrode (WBE) method30, for 
probing dynamic localised electrode processes evolving and 
propagating on buried steel surfaces under the effect of anodic 
transients. Although the electrode array sensor has been 
successfully used in the past to measure corrosion under stable CP 
conditions31, it has not been used for monitoring dynamically 
changing corrosion processes under dynamically changing CP 
conditions. 
In this work, the WBE has been applied for the first time as a 
new sensor for detecting localised corrosion initiation under various 
anodic transient influences. Fig. 3.19 shows a new experimental 
setup designed for in-situ measurement of localised corrosion of 
steel in a sandy soil box cell under the effects of anodic transients. A 
new WBE sensor has been employed in this setup as a critical tool 
for measuring localised corrosion. The WBE is an electrochemically 
integrated multi-electrode array designed specifically to allow 
localised corrosion to evolve dynamically and to propagate freely on 
its working surface.30 The WBE sensor used in this work, shown in 
Fig. 3.19, consists of 100 closely packed but individually isolated 
electrodes made of square shaped (1.9mm x 1.9mm) type 1020 
carbon steel (UNS no. G10350) embedded in epoxy resin. The gaps 
between neighbouring electrodes were kept small (0.10 ± 0.05mm). 
The 100 electrodes are mounted in epoxy resin as a 10 by 10 square 
shape with edge length around 2.4 cm. Each wire is insulated from 
others. The size of each electrode is 0.0361 cm2.
The WBE sensor experiments (see Fig. 3.19) have been 
carried out in the same manner as corrosion coupon tests, except 
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that the working electrode is a WBE sensor and current detection is 
through a multiplexer and a zero-resistance ammeter. All the wires 
were abraded from grit 80, 240 and 600 silicon carbide paper and 
cleaned with ethanol before each test. After grinding, the sensor was 
installed in a specifically designed sandy soil box cell (shown in Fig. 
3.7) that facilitates the effective simulation and control of CP testing 
conditions. Washed fine sand with typical resistivity of 1000 .cm 
was used in this sand box cell, and the resistivity was adjusted using 
a 0.5mol/L NaCl solution. The sand box cell was sealed to reduce 
evaporation. A potentiostat (Bio-Logic Science Instrument) was used 
to apply regular CP as well as the anodic transient signals on the 
WBE sensor surfaces under potentiostatic control, in the same way 
as on steel coupons. All experiments began by applying a standard 
CP potential of either -850mV vs. CSE or -950mV vs. CSE for the 
first 24 hours to establish a stable baseline CP condition on sensor 
and coupon surfaces (high pH, stable potential and low oxygen 
concentration). Anodic transient signals were then superimposed on 
the CP potential to study the effects of various potential excursions 
on steel corrosion behaviour.
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The measurement of currents over the WBE sensor: For 
current mapping using a WBE sensor, acquisition of the current data 
was through an automatic zero resistance ammeter (autoZRA)
connected to a multiplexer. An ACM-Gill AC potentiostat acting as 
autoZRA was interposed between WE2 and WE1 to constantly 
measure the current flowing throughout the electrode connected at 
WE2 at a sampling rate of 10Hz, while maintaining the whole array at 
the same potential. A custom-made programmable multiplexer was 
used to distribute the electrical connections corresponding to the 100 
electrodes into two output terminals (WE1 and WE2). The multiplexer 
had 100 channels and connected with the WBE 100 electrode wires 
separately. When measuring the currents, the multiplexer was 
programmed to maintain 99 electrodes connected to the WE1 
terminal and connected to the WE2 terminal with the remaining 
electrode. The recorded current data are output in Excel format as 
the first electrode reading. Then, the multiplexer switched the WE2 
connection to the second electrode, and connected with each of the 
other 99 electrodes to measure the current. In this way, the currents 
flowing across the sensor surface are all recorded in around 100 
seconds and output in Excel format. By processing the data using 
Origin 2015 software, the current density map can be drawn based 
on the measured data.
The calculation of corrosion rate on localised anodic area: The 
local anodic current densities measured on the WBE can be used to 
calculate the in-situ corrosion rate at each electrode location based 
on Faraday’s Law. This corrosion rate thus gives the instantaneous 
corrosion dissolution rate of the steel over a test period.
Surface profilometry measurements: After each test, the 
surface of the WBE is cleaned using a NACE Standard TM-0169 
solution (1L HCl, 20g Sb2Cl3, 50g SnCl2). After the corrosion 
products are cleaned, the coupon and WBE surfaces are rinsed with 
mili-Q water followed by ethanol. The WBE surface is then observed 
using microscopy and measured by profilometry. Since the WBE 
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body cannot fit into the profilometry equipment for measurement, the 
analysis of depth loss from WBE surface was also conducted using 
surface replicas (Struers repliset-F5 kit). The surface replicas can be 
used to record differences in the WBE surface depth in 0.1micro-
meter scale. Optical surface profilometry equipment (Wyko NT9100 
interferometry profilometer) was used to measure WBE and the 
coupon’s localised area depth loss. Using Visual 64 software 
analyses, the metal loss volume at the local area was analysed and 
the depth difference between the localised corrosion area and the 
epoxy area was measured. The measured depth difference was then 
calculated into an annual corrosion rate using the following equation:
 
ܣ݊݊ݑ݈ܽ ܿ݋ݎݎ݋ݏ݅݋݊ ݎܽݐ݁ (݉݉ݕݎ) = (ܦܶ) כ (365כ24כ60כ60)
Where D is the measured depth loss in mm; T is the total test 
duration in second.
More detailed discussion on the application of this new 
method has been presented in a publication that is attached to this 
thesis as Appendix 2.
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3.5 SUMMARY OF THE METHODOLOGY DEVELOPMENT
In order to overcome major challenges in obtaining conclusive 
experimental data and evidence that could be used to effectively 
quantify the effects of stray current influence on buried steel 
corrosion, significant effort has been devoted to develop new 
research methodologies.
Firstly, an improved sand corrosion cell has been developed 
to improve soil resistivity control, IR-drop reduction and current 
distribution uniformity. 
Secondly, a new aqueous cell has been designed and used 
for understanding the significant effects of solution pH and the effects
of interference signals on steel corrosion. The pH of a steel surface 
has been shown to be critical for the effectiveness of CP. Under CP 
and pH controlled conditions, localised corrosion was found to be the 
most common form of corrosion, and its rate was found to be usually 
2-10 times higher than corrosion on general areas. 
Thirdly, a suitable test conditions matrix has been designed to 
simulate the effects of a large number of variables in buried steel soil 
corrosion systems and the effect of typical forms of potential 
excursions. 
Finally, a new method has been developed that is more 
sensitive in detecting and monitoring the dynamic steel corrosion 
processes, especially localised corrosion initiation, under the effects 
of stray current. An electrochemically integrated multi-electrode, 
WBE, has been used for the first time as a key tool for facilitating the 
in-situ monitoring of the corrosion rates and patterns of steel under 
controlled CP and stray current influence conditions.
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QUANTIFYING THE BEHAVIOUR OF 
BURIED STEEL CORROSION UNDER 
THE EFFECT OF POTENTIAL 
EXCURSIONS 
An extensive laboratory testing program has been carried out 
to obtain conclusive experimental data and evidence for 
understanding and quantifying the effects of various forms of stray 
currents on buried steel corrosion under selected environmental and 
potential excursion conditions. Soil and aqueous corrosion cells 
described in Chapter 3 have been employed in this testing program 
to overcome difficulties in the simulation of complex soil 
environmental conditions and dynamically changing stray current 
induced potential excursions. 
4.1 THE CORROSION BEHAVIOUR OF STEEL IN AQUEOUS 
CELLS UNDER THE EFFECTS OF CP AND POTENTIAL 
EXCURSIONS 
The research program began by conducting experiments in 
aqueous electrochemical cells, Fig. 3.12, that have been designed to 
simulate soil corrosion under the “worst-case scenario” pipeline 
conditions. It has been shown in Chapter 3 that the improved 
aqueous cell is able to simulate conductivity, pH and CP excursion 
conditions over a bare pipeline surface and to simulate expected 
corrosion behaviour of steel under CP induced high pH condition. 
4.1.1 The effect of sine wave potential excursions in 
aqueous cells 
Experiments have been carried out in aqueous cells under 
potentiostatic control of pre-designed sine wave CP excursion 
signals described in Table 3.2. The predesigned “baseline” CP 
Chapter 4
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excursion signals are ±250mV and ±500mV amplitude sine waves 
with 1 cycle per minute. This “baseline” condition simulates relatively 
slow-moving potential excursions superimposed on the standard CP 
potential of -850mVvs.CSE. Potential excursions are under 
potentiostatic control while currents are continuously recorded from 
the test cells. 
Corrosion patterns and rates were found to change 
significantly with varying CP excursions signal amplitudes (e.g. 
±250mV and ±500mV) and CP potential levels (e.g. -850mV, -900mV 
vs. CSE). Tables 4.1 summarises typical results from aqueous tests 
under the effects of both sine CP excursion signals. Corrosion rates 
were estimated by metal loss (determined by surface profilometry as 
illustrated in Fig. 3.16 and Fig. 3.17) after the corrosion products 
were removed from the testing coupon electrode surfaces by acid 
cleaning. The corrosion rates were also estimated using Faraday’s 
Law based on the anodic currents recording, such as those shown in 
the Tables 4.1, taken over the testing period. Profilometry 
measurement is used as the primary method of corrosion 
measurement. 
Typical corrosion behaviour of a steel coupon under the 
interference of selected sine wave signals in a pH-controlled 
aqueous corrosion cell (where the pH over the surface of the working 
electrode, WE, remained above 9) presents as most commonly as
localised corrosion. Localised pits are observed over the coupon 
surface after various periods of test in the aqueous corrosion cell. 
Localised corrosion rates are much higher than general corrosion 
rates. Corrosion rates measured by surface profilometry analysis and 
from Faraday’s Law calculations are similar in most cases if only 
general corrosion rates on general surface area are considered in 
Table 4.1. However, the corrosion rates become significantly different 
if localised depth loss is considered from the profilometry data. This 
suggests that the current recordings, such as those shown in Table 
4.1, indicate only general corrosion behaviour.
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Fig. 4.1 shows typical corrosion behaviour of steel under the 
influence of a ±500mV sine wave signal. Under these conditions,
major corrosion occurred after only two days, indicating significantly 
higher corrosion susceptibility under the effects of a larger amplitude 
CP excursion in comparison to the ±250mV presented in Fig 3.13 in 
the previous chapter. Thus the amplitude of a given CP excursion 
signal is significant in determining extent of corrosion this aqueous 
cell condition. 
Scanning electron microscopy (SEM) and Energy-dispersive 
X-ray spectroscopy (EDX) were used to analyse the corrosion 
products on the coupon. As shown in Fig. 4.2, EDX analysis 
indicates that the black rust layer mainly contains elemental oxygen 
and elemental iron. Yang et al.1 found a similar corrosion pattern and 
products on X65 pipe steel samples after being tested under DC 
stray current influence in a simulated soil solution. These corrosion 
products covered on the surface of the coupon probably are due to 
the iron oxidation reactions2 that occurred during the anodic cycle of 
the applied interference signals:
ܨ݁ ՜ ܨ݁ଶା + 2݁ି                                      (7)
ܨ݁ଶା + 2ܪଶܱ ՜ ܨ݁(ܱܪ)ଶ + 2ܪା               (8) 
The above reactions can be simplified as ܨ݁ ĺ ܨ݁ଶା ĺ ܨ݁ଷା.
Harrington et al3 analysed the corrosion products by surface 
enhanced Raman spectroscopy (SERS) during iron anodic 
polarisation in an aqueous borate buffer and found out that the 
composition of the corrosion products could be  ܨ݁ଶା and ܨ݁(ܱܪ)ଶ. It 
should be noted that the ܨ݁ଷା could be reversed to  ܨ݁ଶା during the 
cathodic cycle of the applied interference signals.4 Schmuki5 used X-
ray absorption near-edge spectroscopy (XANES) to analyse the 
corrosion products formed on iron under cyclic potential fluctuation.
The corrosion products were found to be the mixture of iron(III) oxide 
and iron(II) oxide/hydroxide film. Results shown in Fig. 4.2 are in 
general agreement with those reported in the literature1,4,5. The EDX 
results also showed that the carbon element in the black rust. The 
106 | P a g e
source of the carbon should be from the mild steel that has carbon in 
its composition.
4.1.2 The effect of square wave anodic transients in 
aqueous cells 
Several typical square wave excursion signals have also been 
selected to simulate rapidly changing potential excursions commonly 
observable on buried pipelines.
Typical corrosion behaviour of a steel coupon under the 
interference of selected squared wave signals in pH controlled 
aqueous corrosion cell (where the pH over the surface of the working 
electrode, WE, remained above 9) is shown in Table 4.2. Rapid 
corrosion also occurred in aqueous cells under the effects of square 
wave signals. General corrosion rates measured by profilometry 
were approximately 1.8-2.5mm/y, while localised corrosion rates 
around 2.8-3.2mm/y were measured from steel coupons tested in an 
aqueous cell under the effect of +1000mV anodic transients of 
different frequencies on a baseline CP of -950mVvs.CSE. Corrosion 
rates measured by Faraday’s Law calculations are much higher 
(11.7-15mm/y) than that measured by surface profilometry (2.8-
3.2mm/y) under these large-amplitude potential excursion conditions. 
This may be due to the fact that a cyclic square wave would allow 
UHYHUVLEOHUHDFWLRQVVXFKDV)Hļ)H2+ļ)H3+. As a result, reactions 
producing anodic current during the anodic cycle may be reversed in 
the cathodic cycle and therefore no iron is consumed. 
The corrosion rates in aqueous cells (see Tables 4.1 and 4.2, 
as well as Figs. 3.10, 4.1 and 4.3) are generally higher than that 
usually observed in field soil conditions. This result suggests that 
aqueous cell testing probably simulates a “worst-case scenario”.
Practically, this could occur in extreme aggressive environments
such as seashore and river crossing pipes as well as flooded pipeline 
sections where steel surface pH conditions and oxygen 
concentrations can be different from a normal buried pipeline 
environment. This could be due to a lower pH in the aqueous cell
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than in soil environment. This lower pH may not allow passivity over 
a steel surface during the anodic potential excursion cycle. 
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Fig. 4.1 Typical corrosion behaviour of steel in pH controlled 
aqueous cells under the interference of a ±500mV sine wave signal 
after 2days. Major general corrosion occurred and some localised 
pits were observable after the surface was cleaned with Clark 
solution.
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4.2 THE CORROSION BEHAVIOUR OF STEEL IN SANDY SOIL 
CELLS UNDER THE EFFECTS OF CP AND POTENTIAL 
EXCURSIONS
This series of experiments was carried out using the improved 
sandy soil cell experimental setup, Fig. 3.7, under the potentiostatic 
control of pre-designed CP and potential excursion signals with 
continuous logging of currents. Both sine wave and square wave 
potential excursions were superimposed on the CP potential to 
simulate slow and rapidly changing potential excursions commonly 
observable on buried pipelines. The effect of the magnitude of these 
excursions was also investigated in different experiments.
4.2.1 Baseline corrosion and CP experiments in sand cells
A free corrosion test at open circuit potential (the average 
open circuit potential was approximately -600mVvs.CSE) and a CP test 
under constant CP potential of -950mVvs.CSE were conducted to 
establish baseline data for comparing the corrosion behaviour and 
CP efficiency under stray current influence in sandy soil cells. As 
shown in Table 4.3, under free corrosion conditions, the highest 
localised corrosion rate was found to reach 4.2mm/y, while under 
constant CP potential -950mVvs.CSE, the corrosion rate was reduced 
to 0.016mm/y. This experiment clearly confirms that CP has been 
extremely effective in preventing corrosion in the sandy cell.
11
4
|P
a
g
e
Ta
bl
e
4.
3
Ba
se
 li
ne
 te
st
s 
of
 fr
ee
 c
or
ro
si
on
 a
nd
 c
on
st
an
t C
P
 -9
50
m
V v
s.
C
SE
115 | P a g e
It was noted that major changes in pH near the steel electrode 
occurred after the CP tests in the soil cell. For instance, as shown in 
Fig. 4.4, pH near the steel surface in the sandy soil cell increased to 
almost 14, showing a significant difference with the pH in controlled 
aqueous cells (approximately 9). The pH was determined by the pH 
indicative paper colour change. This pH difference would significantly 
affect the passivity behaviour of the steel electrode surface.6
Fig. 4.4 pH distribution in a soil corrosion cell after 24 hours of CP
4.2.2 The effect of sine wave potential excursions in sand 
cells
Fig. 4.5 shows typical corrosion of a steel coupon after being 
tested under the interference of a ±250mV sine wave signal on a CP 
potential of -850mVvs.CSE, after a constant CP of -850mVvs.CSE for an
initial 24 hours in a sandy soil corrosion cell. The pH over the surface 
of the steel working electrode was found to reach 13 to 14 (measured 
by pH indicator paper). After 15 days of testing, the coupon corrosion 
pattern was mainly localised corrosion. The general corrosion rate of 
the whole surface was 0.019mm/y, while the highest pitting corrosion 
rate was 0.14mm/y.
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Fig. 4.6 shows typical corrosion behaviour of a steel coupon 
under the interference of a ±500mV sine wave signal on a CP 
potential of -850mVvs.CSE, after a constant CP of -850mVvs.CSE for the 
initial 24 hours in a sandy soil corrosion cell. Localised corrosion 
occurred on the coupon surface. M. Büchler found that under high pH 
conditions over the CP protected steel surface, the steel would be 
passive when anodic potential transient occurred.7 Although this 
passive film can reduce general metal dissolution, it can lead to 
localised corrosion when a large ±500mV interference signal is 
imposed on the steel surface. Indeed, although the general corrosion 
rate was very low (approximately 0.07mm/y), a much higher localised
pitting rate of 1.34mm/y was measured on the corroded steel surface 
by optical profilometry analysis. 
Similar localised corrosion behaviour was observed in 
repeated soil cell tests. In Fig. 4.7, asymmetric currents recorded 
from the sandy soil cells are rather small compared to the symmetric 
anodic and cathodic currents from aqueous cells in Table 4.1. The 
reason for such results is believed to be better passivation of the 
electrode surface under high pH soil environmental conditions, and 
the high soil resistivity and low oxygen diffusion in soil compared with 
the aqueous environment. 
SEM and EDX analysis of a typical localised area (area 4 in 
Fig. 4.6) are shown in Fig. 4.8. The EDX spectrum analysis results 
show that the corrosion product on the test coupons are iron oxides 
(the light-coloured pit area) and the dark-coloured pit was covered 
with mixed corrosion products.
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Fig. 4.5 Optical (top left) microscope images (top right) and 
profilometer image (bottom right) of steel coupon surface after 15 
days of being exposed to a sand box cell and being tested under 
standard CP potential for the first 24hours and a “baseline” 
interference signal of ±250mV.
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Fig. 4.6 Coupon after 15 days soil test under the effects of 
interference signal of ±500mV amplitude on CP -850mVCSE.
Corrosion rates: general corrosion rate 0.07mm/y; highest localised 
corrosion rate: 1.34mm/y.
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4.2.3 The effect of square wave anodic transients in sandy 
cells
Square wave signals of varying frequencies, as illustrated in 
Fig. 4.9, are designed based on the test matrix (see Table 3.2) to 
simulate potential spikes observed on real-life pipelines.
Fig. 4.9 Square wave interference signals used to simulate stray 
current corrosion in 1000 .cm sandy soil test cells.
Tables 4.4.1 - 4.4.3 summarise corrosion rates and patterns 
determined after a series of sand box tests under the effects of 
“cyclic” square wave anodic transients. The highest localised 
corrosion rate range is based on the highest localised corrosion rate 
from each repeated test.
Several findings can be identified from these test results. 
Firstly, corrosion in soil cells was much slower than in aqueous cells, 
under the same conditions (see Table 4.2). The corrosion pattern in 
sandy soil was localised corrosion while a general corrosion pattern 
was observed in aqueous cell tests. Again, this could be due to the 
high pH environment in a sandy soil environment created by CP that 
allowed the steel surface to form a passive film. An anodic potential 
excursion probably caused localised breakdown of the passive film, 
leading to localised corrosion. This, however, could not be confirmed 
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at this stage since the surface condition of the steel coupons cannot 
be observed during the soil corrosion testing. Corrosion patterns and 
their changes can only be analysed after a test is completed. In a 
later chapter we present a novel approach to overcome these 
limitations based on the WBE method (see Section 3.4) to perform 
in-situ monitoring of localised corrosion (these results are presented 
in Chapter 5). 
A general trend that can be observed from these experiments 
is that more corrosion can be observed under the effects of anodic 
transients of larger amplitude and longer duration. For example, in 
Table 4.4.3, under the same anodic transient duration of 2 minutes 
anodic and 18 minutes cathodic, the highest corrosion was recorded 
on the coupon that was affected under larger transient amplitude 
(from -950mVvs.CSE to +50mVvs.CSE (0.79mm/y)), while the corrosion 
rate recorded from the coupon under a smaller anodic transient 
amplitude (from -950mVvs.CSE to -700mVvs.CSE), as shown in Table 
4.4.1, was much lower (0.2mm/y). On the other hand, under the 
same anodic potential excursion amplitude of 1000mV, as shown in 
Table 4.4.3, the highest corrosion rate determined was around 
0.3mm/y when the anodic duration reduced to 30 seconds. Thus 
shorter exposure time to anodic transients more than halved the 
corrosion rate under these conditions.
Another finding is that under very short anodic transient 
durations, for instance 1 second anodic transient, the corrosion rates 
were very low regardless of the transient amplitudes (up to 
+1000mV). This suggests the importance of the anodic transient 
duration; a short anodic transient, independent of amplitude, may be 
have no affect on the passivity of the CP protected substrate under 
buried conditions. The anodic current could be absorbed by charging 
the electrical double layer capacitance on a steel surface during the 
rapid potential shifting.10 This behaviour will be discussed further 
later in the thesis.
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4.3 THE CORROSION BEHAVIOUR OF STEEL UNDER THE 
EFFECT OF MORE COMPLEX FORMS OF ANODIC 
TRANSIENTS 
Further research has been conducted to understand findings 
on the significant effects of anodic transients of varying durations and 
amplitudes, and on the passivity of a steel surface under CP. More 
complex forms of anodic transients have been used in these tests. 
As shown in Table 4.5, cyclic forms of transients in both 
anodic and cathodic directions (Table 4.5 (a) and (b)) were applied 
and compared with transients only in an anodic direction (Table 4.5 
(c) and (d). As shown in Table 4.5, significantly more corrosion 
occurred when a cyclic potential excursion, in both anodic and 
cathodic directions was applied (±250mV and ±500mV potential 
excursion from CP -850mVvs.CSE) compared with only anodic 
transients (+250mV and +500mV from CP -850mVvs.CSE). Another 
observation is that corrosion patterns in Table 4.5 (a) and (b) were 
spread over a large area, while the corrosion patterns in Table 4.5 (c) 
and (d) were dominated by pitting corrosion. This indicates that the 
cathodic transients actually affect the nature of the corrosion on the 
steel not just its extent and that the very negative potential cycle 
could also lead to damage of a passive film on the steel surface.
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Thus, short duration potential excursions in an anodic 
direction only would not cause major corrosion compared to a similar 
anodic shift which follows a deep negative excursion as clearly 
indicated by Table 4.5. This conclusion was further supported by a
single-direction sine wave test, Fig. 4.10, which confirmed that little 
corrosion occurred if the CP potential excursion was only in the 
anodic direction. The highest localised corrosion rate was much 
smaller than the both-ways potential excursion (<0.1mm/y compared 
with 1.34mm/y shown in Fig. 4.6). 
Fig. 4.10 Sandy soil coupon test result of under the effects of sine 
wave +500mV potential excursion from CP -850mVvs.CSE.
Another investigation was carried out to understand the effects 
of the duration of anodic transients on corrosion. Fig. 4.11 shows 
three long-term anodic potential excursion signals with different 
amplitude (+500mV, +800mV and +1000mV) applied to buried steel 
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coupons which had been protected by CP at -950mVvs.CSE for 24
hours in a sandy soil cell. 
Fig. 4.11 Schematic diagram illustrating coupons test in sandy soil 
cell where constant anodic potential excursion signals were 
superimposed on CP potential of -950mVvs.CSE.
When a +1000mV anodic transient was applied on the CP 
protected steel coupon the potential changed from -950mVvs.CSE to 
+50mVvs.CSE. Fig. 4.12A shows that shortly after an anodic transient 
was applied to a CP protected steel surface, the anodic current and 
corrosion activity dropped dramatically from an initial anodic current 
spike.
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The instant sharp increase of the current after the anodic 
potential excursion signal was applied could be due to the charging 
the double-layer.8,9 After a constant CP period, the steel surface 
could form a layer that is normally designated as ‘double layer’ as 
illustrated in Fig. 4.13. The double layer includes the inner Helmholtz 
plane (IHP) and outer Helmholtz plane (OHP). The IHP is the 
compact layer just behind the layer of adsorbed water. The OHP 
extends from the closest approach of positively charged cations to 
the negatively charged steel surface. These two parallel-layers 
behave rather like a capacitor which prevents easy charge transfer.2
As a result, when the anodic potential excursion is applied to the 
cathodically protected steel coupons, the double layer capacitor 
firstly needs to be fully charged by anodic current to shift the 
electrode potential to the new applied anodic potential level and then
the excess anodic current can be used in the iron dissolution.10
Fig. 4.13 Schematic of steel surface double layer structure4
A dramatic drop in anodic current after the initial current peak 
could be due to the passivity of the steel surface in a high pH 
environment. After the anodic potential excursion signal was applied 
for 24 hours, the corroded coupon image is shown in Fig. 4.12B. 
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Fig. 4.14 shows current recordings obtained from coupon tests 
before and after applying an anodic potential excursion of 800mV in 
amplitude (i.e. the potential of the electrodes was changed from
-950mVvs.CSE to -150mVvs.CSE). Similar to the phenomenon 
observed in Fig. 4.12, when a +800mV anodic excursion signal was 
applied on a steel coupon, anodic current dropped dramatically from 
an initial anodic current peak value shortly after an anodic transient 
was applied to a CP protected steel surface. The duration that anodic 
current remained low was approximately 82 minutes under these 
conditions, Fig. 4.14A. This duration for low anodic current is longer 
than that shown in Fig. 4.12A. After 82 minutes, the anodic current 
showed a rapid increase. The corroded coupon is shown after the 
test in Fig. 4.14B.
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Fig. 4.15 shows a current recording obtained from a coupon 
test before and after a 500mV anodic potential excursion signal was
applied that changed the potential from -950mVvs.CSE to -450mVvs.CSE.
Similarly, anodic current activity dropped dramatically from an initial 
anodic current peak value shortly after an anodic potential excursion 
signal was applied to a CP protected steel surface. That anodic 
current remained low for approximately 23 hours after the anodic 
transient signal was applied, Fig. 4.15A. This duration of low anodic 
current was much longer than that shown in Fig. 4.12A and Fig. 
4.14A where 50mV and -150mVvs.CSE anodic excursions were 
applied. After around 23 hours, the current showed an obvious rapid 
increase. The corroded coupon after the test is shown in Fig. 4.15B.
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After the test was completed, the pH value of each test cell 
was measured by pH indicator paper at the defect position. The 
results are shown in Table 4.7.
Table 4.6 The recorded pH after 24 hours exposed to the anodic 
potential excursion signals of each test
Amplitude +500mV
(-450mVvs.CSE)
+800mV
(-150mVvs.CSE)
+1000mV
(+50mVvs.CSE)
pH value 4-5 3-4 3-4
A common behaviour, observed in Figs. 4.12, 4.14 and 4.15,
is that there is a period of time for which anodic current becomes 
very small, suggesting passivation, before the anodic current 
eventually increases. This period could be called a “critical anodic 
transient duration” because it indicates the maximum allowable
anodic transient duration before major corrosion occurs. To focus on 
the understanding of this critical anodic transient duration, additional 
anodic transient experiments have been conducted. Fig. 4.16.1-
4.16.3 presents the summary of test results. Fig. 4.16.1 shows that 
when a +1000mV anodic potential excursion (to +50mVvs.CSE) was 
applied on a CP protected coupon, the anodic current dropped 
dramatically from an initial anodic current peak value shortly after an 
anodic transient was applied. The anodic current remained low for 
approximately 17 minutes. At the point where the monitored anodic 
current began increasing rapidly (around 37 minutes in this case) the 
test was stopped and the corroded coupon surface photographed.
The image is also shown in Fig 4.16.1 where a localised corrosion 
pattern can be observed, with the highest corrosion rate determined 
using the optical profilometer of 4.04mm/y. Fig. 4.16.2 and 4.16.3
present the results of similar tests conducted under a +800mV 
anodic transient (-150mVvs.CSE) and +500mV anodic transient (-
450mVvs.CSE) respectively. The critical anodic transient duration for 
+800mV potential excursion was approximately 62 minutes. As 
shown in Fig. 4.16.2, the coupon had localised corrosion and the 
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corrosion rate was 3.4mm/y. Under a +500mV potential excursion, 
Fig. 4.16.3, the critical anodic transient duration appeared to be 
around 23 hours and the corrosion rate was approximately 2.4mm/y.
These results suggest that, under these conditions, to avoid 
major corrosion hazards, the anodic transient duration should be no
longer than approximately 17 minutes, 62 minutes or 23 hours if a 
+50mV, -150mV or -450mVvs.CSE anodic excursion exists when the 
steel specimen is in sandy soil box testing conditions. Whilst the 
exact time can vary with exposure and environmental conditions, the 
results here show that there is a critical time of exposure to an anodic 
excursion that interferes with the applied CP protection and leads to 
localised corrosion.
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In order to prove the passivation of the buried steel during the 
“critical anodic transient duration, a new test has been carried out.
Fig. 4.17 shows the anodic potentiodynamic polarisation test result 
(image B) which is used to prove that the steel surface was 
passivated during the critical duration period. The buried steel 
sample was firstly under constant CP level at -950mVvs.CSE for 24 
hours. The monitored CP current is shown as a blue line in the image
B. After 24 hours, the buried steel was polarised to 
-150mVvs.CSE for 30 minutes. The monitored current is shown as a 
red line in the image A. After 30 minutes, the monitored current was 
relatively low as observed in the previous tests (see Fig. 4.14), and
the anodic potentiodynamic polarisation was applied. The initial 
scanning potential range was started from -150mVvs.CSE to 
1000mVvs.CSE with a scanning rate of 0.166mV/s. The anodic 
potentiodynamic polarisation test showed that at the beginning 
(potential from -150mVvs.CSE to 310mVvs.CSE), the current densities 
are very low (0.00017mA/cm2 to 0.0005mA/cm2). Then the current 
density rapidly increased.
The potententiodynamic polarisation test results indicate that 
after 24 hours CP at -950mVvs.CSE, the buried steel sample would be 
passive when the anodic transient potential at -150mVvs.CSE occurred.
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A further increase of the anodic excursion to +1950mV
(+1Vvs.CSE) condition (Fig. 4. 18) showed that the anodic current 
remained at a rather high level (approximately 1mA), thus this large 
value breaks the passivation of the steel surface immediately under 
these conditions. As shown in Fig.4.18, after 24 hours of CP, once 
the anodic transient signal was applied, the lowest monitored current 
was larger than 0.8mA which suggests a corrosion rate of 3.0mm/y 
(calculated by Faraday’s Law). As a consequence, the critical anodic 
transient duration in this condition was 0. 
Fig. 4.18 The monitored CP (blue line) and anodic transient (red line) 
current from experiment of constant +1950mV anodic transient signal 
(+1Vvs.CSE) applied on the buried steel coupon after 24 hours CP -
950mVvs.CSE in sandy soil.
As expected, the anodic transient duration required to break 
passivity was found to be influenced by the environment. Under 
much harsher conditions using an aqueous cell, no critical anodic 
transient duration could be identified when an anodic excursion of
+1000mV (+50mVvs.CSE) (see Fig. 4.19) was applied, with the anodic 
current remaining at a rather high level (larger than 170mA). Under 
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these aqueous conditions, the diffusion rates are much higher than 
that in the sandy soil environment, thus allowing the OH- ions to 
diffuse away from the steel surface. Also, the application of CP would 
repel aggressive Cl- ions which would then re-diffuse back to the 
steel when the steel becomes anodic. As a result, once the anodic 
transient was applied, the steel surface instantly (within the resolution 
of these measurements) lost passivity and therefore active corrosion 
immediately occurred in the aqueous cell.
Fig. 4.19 The monitored CP (blue line) and anodic transient (red line) 
current of constant +1000mV (+50mVvs.CSE) anodic transient signal 
applied on the steel coupon after 24 hours CP -950mVvs.CSE (pH at 
9.96) in aqueous cell
However, the coupon tests described in this chapter have a
limitation in directly observing localised corrosion activities that may 
initiate before the rapid increase in anodic currents can be measured.
This leads to uncertainties in determining and understanding the 
critical anodic transient duration. For example, corrosion initiation, 
especially pitting corrosion, may occur even when the total anodic 
current remains low; the effective localised current density however 
can still be very high. Therefore, a new method is required to be 
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developed to directly investigate such local corrosion in-situ for
buried steel under the effects of anodic potential excursion signals.
4.4 CONCLUSION AND RECOMMENDATIONS 
Laboratory testing of steel coupons exposed in simulated soil 
corrosion environmental conditions, and under the effect of CP and 
variously designed potential excursion signals, have identified some 
corrosion characteristics regarding steel corrosion under various 
forms of potential excursions:
1. Localised corrosion was found to be the most common 
form of corrosion, and its rate was found to be usually 2-10 
times higher than corrosion on general areas.
2. A high pH environment that is believed to induce passivity 
of a steel surface has been shown to be critical for the 
effectiveness of CP. The aqueous cell presents the “worst-
case scenario” corrosion environment under simulated 
pipeline conditions.
3. Anodic transients of short duration (e.g. 1s and 10s) and 
relatively small amplitude (e.g. less than +500mV) appear 
to be not a corrosion hazard for buried steel in sandy soil. 
The longer anodic duration caused more corrosion, 
suggesting the importance of the “duration” of anodic 
transients.
4. A period of low anodic current was observed shortly after 
an anodic transient was applied to a CP protected steel 
surface. This suggests the existence of a critical anodic 
transient duration that implies the allowable “safe” duration 
for a given anodic transient. The critical anodic transient 
duration was found to be influenced by the anodic potential 
excursion amplitude and test media.
5. Cathodic transients are also found to affect corrosion. 
Single-direction anodic transients cause much less 
corrosion than “cyclic” transients in both anodic and 
cathodic directions. 
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It should be noted that these findings are based on coupon 
tests. A major limitation of coupon tests is that coupon tests are 
based on ex-situ observation and analysis of a corroded steel 
surface. There is a need to perform in-situ testing given the 
complexity and dynamic nature of corrosion, CP and anodic transient 
conditions on buried steel surface. Thus, in the next chapter we 
develop an innovative method that can perform in-situ studies of 
steel corrosion under anodic transients by directly visualising the 
effects of anodic excursions.
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QUANTIFYING THE EFFECTS OF 
DYNAMIC ANODIC TRANSIENTS ON 
STEEL PASSIVITY, CORROSION 
INITIATION AND PROPAGATION
Although laboratory tests described in Chapter 4 have enabled 
the identification of some corrosion characteristics on steel coupons 
exposed to simulated soil environments under the effects of variously 
designed potential excursion signals, these results have some 
limitations. A major limitation is that they are based primarily on ex-
situ observation and analysis of steel surface corrosion accumulated 
over a long period of time (e.g. 14 days). Weight-loss coupon tests 
can only provide average corrosion rates over long exposure periods 
and cannot provide in-situ corrosion rate data required for quantifying 
the effects of relatively short-term CP potential excursions on 
corrosion. Therefore, it has been difficult to correlate particular
corrosion behaviour with a specific form of potential excursion signal.
Although current data such as those shown in Fig. 4.16.1 to Fig. 
4.16.3 are useful, they only show overall anodic or cathodic 
polarisation currents that are not necessarily related to corrosion,
especially localised corrosion. The differences between anodic 
current and real corrosion rates shown in Table 4.2 clearly illustrate 
the limitation of these current data.
Given the complexity and dynamic nature of corrosion, CP 
and anodic transient conditions on buried steel surfaces, there is a 
need for a technique that can perform in-situ corrosion measurement 
and monitoring. In this chapter, an electrochemically integrated 
electrode array, namely the wire beam electrode (WBE), is applied 
for the first time in an innovative manner, to quantify the effects of 
stray current corrosion on buried steels by visualising the effects of 
Chapter 5
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variously designed anodic excursions on the passivity, corrosion 
initiation and propagation of buried steel. The concept of the method 
has already been described in section 3.4 of Chapter 3.
This chapter includes two sections. The first section describes 
a detailed study of the long duration anodic transients on the 
localised corrosion processes occurring on buried steel surfaces. The 
second section describes the study of factors that influence the 
critical duration under various anodic transients’ conditions.
5.1 VISUALISING DYNAMIC PASSIVATION AND LOCALISED 
CORROSION PROCESSES OCCURING ON BURIED STEEL 
The WBE sensors and experimental setup described in Fig. 
3.19 have been employed in this study for performing in-situ 
measurement and monitoring of the effects of variously designed 
anodic transients on buried steel corrosion. Fig. 5.1 shows selected 
long-duration anodic transients of different amplitudes (anodic step 
changes of 500mV, 800mV and 1000mV) that are designed to 
simulate long-duration anodic transients such as the 2-hour anodic 
transient record shown in Fig. 2.7 lower image of Chapter 2.
Fig. 5.2.1-5.2.3 shows typical current density recordings and 
WBE maps obtained from the WBE sensors under the effects of 
these anodic transients. Currents shown in these maps are 
measured from each individual electrode in the WBE array based on 
the measurement procedures described in section 3.5 of Chapter 3.
All experiments began by applying a CP potential of -950mVvs.CSE on
the WBE sensor for a 24-hour period to establish a stable CP 
condition on buried WBE sensor surfaces. Anodic transient (step 
changes in potential) were superimposed on the CP potential of -
950mVvs.CSE.
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Fig. 5.1 The applied long duration of anodic transients
Under prior CP, as shown in the relevant WBE current map in 
Fig. 5.2.1, only cathodic currents (I.e., negative current values) were 
detected over the WBE sensor surface, indicating that the sensor 
was under cathodic protection and little corrosion would be expected. 
This is in contrast with the case in which the WBE was buried in the 
soil without applying any CP current. As shown in Fig. 5.3, the WBE 
maps obtained the highest localized current density from open circuit 
potential (OCP) showed that the highest localised corrosion rate on 
the steel surface under this free corrosion state was 0.77mm/y. 
These results demonstrate that CP effectively protects steel from 
corrosion. This can be explained using the Evan’s1 diagram in Fig. 
5.3. Once the CP current was applied to the steel WBE surface, the 
applied CP current shifted the WBE surface potential from ܧ஼௢௥௥ to 
ܧ஼௢௥௥ᇱ . Under the CP condition, as illustrated in the WBE maps, the 
steel surface was under protection by negative CP current and little 
or no corrosion would be expected.
15
0
|P
a
g
e
Fi
g.
 5
.2
.1
 T
he
 to
ta
l c
ur
re
nt
re
co
rd
in
g
an
d 
cu
rre
nt
 m
ap
s 
m
ea
su
re
d 
fro
m
 a
 W
BE
 s
en
so
ru
nd
er
 th
e 
ef
fe
ct
 o
f 1
00
0m
V
, 5
5
m
in
ut
es
 o
f 
an
od
ic
 tr
an
si
en
t (
55
m
in
ut
es
 a
no
di
c 
ex
cu
rs
io
n 
at
 +
50
m
V
vs
.C
S
E
) a
fte
r 2
4
ho
ur
s
of
 a
pp
lie
d
C
P 
at
 -9
50
m
V
vs
.C
SE
an
d 
ph
ot
os
 o
f t
he
 
co
rro
de
d 
W
BE
 s
ur
fa
ce
 a
nd
 o
ne
 o
f t
he
 c
or
ro
de
d 
W
BE
 s
te
el
 w
ire
s.
15
1
|P
a
g
e
Fi
g.
 5
.2
.2
 C
ur
re
nt
re
co
rd
in
g 
an
d 
cu
rre
nt
 m
ap
s 
m
ea
su
re
d 
fro
m
 a
 W
BE
 s
en
so
r u
nd
er
 th
e 
ef
fe
ct
 o
f 8
00
m
V
, 1
24
m
in
ut
es
 o
f a
no
di
c 
tra
ns
ie
nt
 (1
24
m
in
ut
es
 a
no
di
c 
ex
cu
rs
io
n 
at
 -1
50
m
V
vs
.C
S
E
) a
fte
r 2
4
ho
ur
s 
C
P
 a
t -
95
0m
V
vs
.C
SE
 a
nd
 p
ho
to
s 
of
 th
e 
co
rro
de
d 
W
BE
 
su
rfa
ce
 a
nd
 th
e 
co
rro
de
d 
W
BE
 s
te
el
 w
ire
s.
 
15
2
|P
a
g
e
Fi
g.
 5
.2
.3
C
ur
re
nt
re
co
rd
in
g 
an
d 
cu
rre
nt
 m
ap
s 
m
ea
su
re
d 
fro
m
 a
 W
BE
 s
en
so
r u
nd
er
 th
e 
ef
fe
ct
 o
f 5
00
m
V
, 2
4
ho
ur
s 
of
 a
no
di
c 
tra
ns
ie
nt
 (2
4
ho
ur
s 
an
od
ic
 e
xc
ur
si
on
 a
t -
45
0m
V
vs
.C
SE
) a
fte
r 2
4
ho
ur
s 
C
P
 a
t -
95
0m
V
vs
.C
SE
 a
nd
 p
ho
to
s 
of
 th
e 
co
rro
de
d 
W
BE
 s
ur
fa
ce
 
an
d 
th
e 
co
rro
de
d 
W
BE
 s
te
el
 w
ire
s.
 
15
3
|P
a
g
e
Fi
g.
 5
.3
 E
va
n’
s 
di
ag
ra
m
 fo
r e
xp
la
in
in
g 
W
BE
 m
ap
s 
sh
ow
in
g
bu
rie
d 
st
ee
l s
ur
fa
ce
 c
or
ro
si
on
 s
ta
te
s 
un
de
r O
C
P
an
d 
C
P
 
154 | P a g e
Immediately after the anodic transient signals were 
superimposed on the CP potential, the steel potential was shifted 
from -950mVvs.CSE to +50mVvs.CSE, -150mVvs.CSE and -450mVvs.CSE,
respectively. As shown in Fig. 5.2.1-5.2.3, an initial anodic current 
peak accompanying this shift in potential could be observed in all 
cases. This is believed to be due to an anodic current spike charging 
the double layer capacitance over the electrode surface , as 
discussed in Chapter 4, in addition to a metal dissolution current 
occurring over the anodically polarised WBE surface at these anodic 
transient potentials.2 Fig. 5.4 shows a Pourbaix diagram3 for 
explaining changes occurred over the WBE surface when the 
electrode potential was changed from the CP level imposed for 24 
hours to the state when anodic transients occurred. When the WBE 
sensor has been held at a CP potential of -950mVvs.CSE for 24 hours, 
the cathodic reaction of CP can create high pH conditions as well as 
repel Cl- thereby decreasing it’s concentration at the surface, which 
leads to passivation of the steel WBE surface (as indicated by the 
dark blue bar in the Pourbaix diagram in Fig. 5.4). 
Once the anodic transient signal was applied on the WBE 
surface, for instance, when a 1000mV anodic transient was applied, 
Fig. 5.2.1, the WBE current map measured after 1 minute showed
significant changes. As shown in Fig. 5.2.1 and in Fig. 5.4 in a 1-
minute current map, an area with high local anodic current was 
observable on the background of a smaller uniform anodic current, 
indicating that local anodic dissolution was occurring (0.1mm/y) on 
the WBE surface after the anodic step change was applied. This 
local anodic current can be considered to be due to localised metal 
corrosion because the current charging double layer capacitance 
over the electrode surface should be distributed rather uniformly as 
the background current.4
After approximately 5 minutes, the localised anodic currents 
dropped dramatically and the corrosion rate dropped from 0.1mm/y 
to approximately 0.01mm/y. This low corrosion rate was then 
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maintained, as shown in Fig. 5.2.1 and in Fig. 5.4 of the 5 minutes 
map, with no clear anodic site observable in the WBE map recorded 
up to 9 minutes. If we consider that, under an initial high CP induced 
pH environment (steel/soil interface pH was measured using pH 
indicator paper to be approximately pH 12) the steel surface 
condition shown as a green bar in the Pourbaix diagram in Fig. 5.4, is 
under a passive condition5. A short anodic transient, 1000mV anodic 
transient amplitude, is not sufficient to disrupt this steel surface 
passivity state. This result suggests that for the sandy soil box cell 
and under these CP conditions, the application of an anodic transient 
of +1000mV for less than 9 minutes would not result in significant 
steel corrosion.
Fig. 5.4 Using Pourbaix diagram to demonstrate the WBE 
current map records (from Fig. 5.2.1 results) at the initial state of 
anodic transient applied on the cathodically protected buried steel 
surface:
A. Current map under CP -950mVvs.CSE;
B. Current map after 1 minute anodic transient applied; 
C. Current map after 5 minute anodic transient applied; 
D. Current map after 9 minute anodic transient applied.
A
B
C
D
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Theoretically, based on the Pourbaix diagram of iron in Fig. 
5.4, if the pH can be kept at a high value and passivity can be 
maintained, a low corrosion rate would be maintained as shown in 
Fig. 5.4 C and D states with 0.01mm/y corrosion rate.
However, the low current state cannot be maintained for very 
long, based on the observed current recording shown in Fig. 5.2.1. 
This phenomenon was probably due to the breakdown of steel 
surface passivity under the effects of anodic excursion induced pH 
and surface chemistry changes.6 These surface pH and chemistry 
changes can be due to surface chemical reaction, diffusion and ion 
transportation. For instance, the pH on the steel surface could 
gradually decrease by two ways under anodic excursion potentials. 
Firstly, when anodic transients occurred, the formation of hydroxide 
ions stops and hydroxide ions that originally existed on the surface 
would diffuse away from the steel surface,7 leading to a lower pH 
steel surface condition. Secondly, anodic reactions would generate 
hydrogen ions that would gradually neutralise hydroxide ions and 
also decrease the steel surface pH.8
With the pH decreasing, the steel would lose passivity.9 This 
period of time could be referred to as the critical anodic transient 
duration. Fig. 5.5 explains this process using a Pourbaix diagram 
with WBE map records at 9 minutes (F) and 15 minutes (G). It 
demonstrates that the decreasing pH leads to localised corrosion 
initiation on the steel surface. This figure shows that passivity is 
disrupted, at least locally, beyond this time frame with a major anode 
indicating a significantly high local corrosion rate of 1.3mm/y, 
appearing on the WBE sensor surface, despite the fact that the 
overall monitored current recording, Fig. 5.2.1, at 15 minutes is still 
low (approximately 0.021mA/cm2) and the overall corrosion rate is 
small (approximately 0.07mm/y) under the applied anodic transient 
signal. Thus, the WBE sensor indicates that localised anodic sites 
initiate upon extending the anodic transient duration, leading to a 
large increase in localised corrosion clearly visible in the WBE maps. 
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This result also suggests that visualisation of the localised corrosion 
using the WBE maps is necessary for detecting the critical anodic 
transient durations. 
These results indicate that, under these conditions, there 
exists a critical anodic transient duration of approximately 9 minutes 
for the buried steel surface under a 1000mV anodic step change 
(note: the pipeline industry considers an acceptable corrosion rate at 
less than 0.1mm/y). This is the first time that a critical anodic 
transient duration has been clearly observed based on the initiation 
of localised corrosion, and it may have a significant impact on 
standards used in industry in the future.
Fig. 5.5 Pourbaix diagram to explain the WBE mapping results of 
passive layer disrupt due to the pH changing:
F. Current map after 9 minutes’ anodic transient applied; 
G. Current map after 15 minutes’ anodic transient applied.
Under changing environmental and anodic transient 
conditions, the critical anodic transient duration was found to vary, as 
might be expected given the changes in passivity at the steel 
interface under different conditions. As shown for the 80 minutes 
F
G
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WBE mapping result in Fig. 5.2.2, the critical anodic transient 
duration increases to approximately 80 minutes when smaller anodic 
excursion amplitude of 800mV was applied to the WBE surface. As 
shown in Fig. 5.2.3 the WBE map, at 19 hours 6 minutes indicates 
that the critical anodic transient duration increases to approximately 
1146 minutes when the anodic excursion amplitude was further 
decreased to 500mV under similar conditions. 
The propagation of corrosion upon extending the anodic 
transient beyond the critical duration for initiation of localised 
corrosion can be clearly visualised in Fig. 5.2.1-5.2.3 WBE mapping 
results. It can be seen in Fig. 5.2.1, under 1000mV anodic transient 
amplitude condition, that the anodic current increased rapidly after 
approximately 28 minutes and the localised corrosion rate reached 
and maintained a very high level, leading to significant localised 
corrosion on the WBE sensor surface (the photo of the excavated 
WBE surface is also shown in Fig. 5.2.1). This propagation 
procedure can be explained by a Pourbaix diagram with WBE current 
maps (H – J) Fig 5.6. With the test duration under the anodic 
transient at 1000mV is increased, the localised pH would be further 
decreased and lead to a higher localised corrosion rate on the steel 
surface. Similar behaviours are observable on maps measured from 
WBE sensors exposed to different levels of anodic transient 
amplitude of 800mV and 500mV, Fig. 5.2.2 and Fig. 5.2.3 
respectively. 
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Fig. 5.6 Pourbaix diagram to explain the WBE mapping results of 
localised corrosion propagation due to the pH further decreasing:
H. Current map after 15 minute anodic transient applied; 
I. Current map after 23 minute anodic transient applied; 
J. Current map after 28 minute anodic transient applied; 
K. Current map after 49 minute anodic transient applied. 
5.2 A STUDY OF FACTORS INFLUENCING THE CRITICAL
ANODIC TRANSIENT DURATION (CTD) USING THE WBE 
METHOD 
5.2.1 The effect of anodic transient amplitude
An important finding from Fig. 5.2.1-5.2.3 is that the critical 
anodic transient duration is influenced by the anodic transient 
amplitude, i.e. the critical durations for steel passive film breakdown 
and localised corrosion initiation are reduced when the anodic 
transient amplitude increase from 500mV to 1000mV. This finding 
H
IJK
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was supported by the anodic transient amplitude at 1950mV (to 
potential +1Vvs.CSE) applied on the 24hours CP -950mVvs.CSE
protected WBE sensor test in the sandy soil cell. 
Fig. 5.7 shows the measured currents and WBE maps from 
the WBE sensor. Although 24 hours CP was pre-applied on the 
electrode surface, as shown in Fig. 5.7, rapid corrosion occurred with 
corrosion rates over 10mm/y recorded, as shown in the WBE maps
recorded at 8 and 12 minutes. This suggests that this anodic 
amplitude was too big and that the electrode may have reached the 
pitting corrosion or trans-passive region. Fig. 5.8 presents the 
Pourbaix diagram of iron superimposed with WBE current maps to 
demonstrate the steel surface anode and cathode area distribution 
changing during the potential shift from CP -950mVvs.CSE potential (A) 
to +1Vvs.CSE (B). This indicates that there exists a critical (boundary) 
anodic transient amplitude. Once the anodic transient amplitude 
exceeds the boundary amplitude, the corrosion would initiate as soon 
as the anodic transient occurred.
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Fig. 5.8 Pourbaix diagram and WBE records to explain large 
amplitude anodic transient cause corrosion processes: A. Current 
map after 24 hour CP at -950mVvs.CSE; B. Current map after 8
minutes anodic transient at +1Vvs.CSE applied.
5.2.2 The effect of prior CP 
For comparison, Fig. 5.9 shows the results of currents and 
WBE current maps directly measured by applying anodic transients 
on freely corroding WBE surfaces without prior CP in the sandy soil 
cell. As shown in Fig. 5.9, without pre-applied CP, the directly applied 
anodic transient signal caused large area corrosion with high 
corrosion rates on the whole WBE surface. For instance, 1 minute 
after the anodic transient signal was applied, as shown in Fig. 5.9A, 
16.5mm/y general corrosion rate was recorded under +50mVvs.CSE
anodic excursion conditions. Similarly, high corrosion rates were 
detected under -150mVvs.CSE anodic excursion potential (7.4mm/y, as 
shown in Fig. 5.9B) and under -450mVvs.CSE anodic excursion 
potential (4.0mm/y, as shown in Fig.5.9C). These high corrosion 
rates maintained without decreasing, suggesting no passivation on 
the steel surface. These results confirm that surface high pH induced 
by prior CP is critical for the passivity observed in Fig. 5.2.1 to Fig. 
A
B
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5.2.3. This type of condition can happen if CP is not properly applied 
to the buried steel, such as in cases that rocks shield the CP current.
Fig. 5.9 Anodic potential transient test without pre-applied CP:
A. +50mVvs.CSE; B. -150mVvs.CSE; C. -450mVvs.CSE
(WBE maps has same scale bar in Fig. 5.2.1 showed).
5.2.3 The effect of cathodic cycles
Although long-term anodic transients such as those shown in 
Fig. 5.1 do exist on some pipeline conditions, in most cases, however 
the stray currents are relatively short term “cyclic” potential 
fluctuations such as those field-monitored potential fluctuation report 
as shown in Fig. 3.18 of Chapter 3.
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Steel coupon studies on the corrosion under various cyclic 
potential excursions have been reported in Chapter 4, however due 
to technical limitations associated with coupons, no information could 
be obtained about the dynamic corrosion initiation and propagation 
processes. To overcome this limitation, the WBE method has been 
used to perform in-situ monitoring corrosion under relatively short
term “cyclic” potential fluctuations.
Fig. 5.10 shows a selected form of “cyclic” potential 
fluctuations where the potential changed dynamically with 2 minutes 
anodic excursion of +1000mV from CP -950mVvs.CSE (+50mVvs.CSE)
and then 18 minutes at CP -950mVvs.CSE applied on 24 hours CP
-950mVvs.CSE protected buried WBE sensor.
Fig. 5.10 Cyclic +1000mV anodic potential excursion (to 
+50mVvs.CSE) for 2 minutes influence on buried WBE and CP 
-950mVvs.CSE for 18minutes after 24 hours CP at -950mVvs.CSE in 
sandy soil test.
The recorded current and typical WBE current maps are 
present in Fig. 5.11. As shown in Fig. 5.11, when the cyclic anodic 
potential excursion starts to apply on the WBE sensor that has been 
protected by CP at -950mVvs.CSE for 24hours, the initial anodic cycle 
currents follow the same trend and behaviour with constant anodic 
test (see Fig. 5.2.1). The corrosion rate during the first 2 minutes is 
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around 0.2mm/y. After 2 minutes of an anodic cycle, the cyclic signal 
shifts back to CP -950mVvs.CSE for 18 minutes. By the next recording 
of WBE maps at 3 hours anodic cycle, the monitored localised 
corrosion rate is 0.17mm/y (at the left bottom area of the map). This 
relatively low corrosion rate increased to 0.3mm/y, at a localised 
area, after 1 day of this cyclic anodic transient being applied on the 
WBE sensor. After 2 days, the WBE sensor was removed from the 
soil, cleaned by Clark acid solution and the surface was imaged with 
an optical microscope. The images confirmed that localised corrosion 
occurred at the corresponding area where the WBE maps showed
there to be an anode. By measuring the corrosion rate through 
optical profilometry, this localised area corrosion rate is around 
0.4mm/y, Fig. 5.11. The pH on the interface of steel/soil is around 11-
12 measured by pH indicator paper.
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The above selected form of “cyclic” potential fluctuations 
indicates that when the anodic transient occurred on the cathodically 
protected buried steel surface cyclically, the localised area corrosion 
rate increased slower than when an equivalent anodic transient is 
imposed on the cathodically protected buried steel surface 
constantly. This could be due to the cathodic cycle generating OH-
that can maintain the high pH environment on the steel surface. In 
other words, the cathodic cycle at CP -950mVvs.CSE regenerated OH-
ions and thus reduced the buried steel corrosion rate during the 
anodic cycle at +50mVvs.CSE. 
In order to explore the possible effect of the cathodic cycle on 
the passivity of steel, new forms of cyclic potential fluctuations were 
applied. Fig. 5.12 shows another selected form of “cyclic” potential 
fluctuations where the potential changed dynamically with 10 minutes 
anodic excursion of +1000mV from CP -950mVvs.CSE (+50mVvs.CSE)
and then 5 minutes at CP -950mVvs.CSE.
Fig. 5.12 Cyclic +1000mV anodic potential excursion (to 
+50mVvs.CSE) for 10 minutes’ influence on buried WBE and CP
-950mVvs.CSE for 5 minutes after 24 hours CP at -950mVvs.CSE in 
sandy soil test.
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As shown in Fig. 5.13, once the anodic cycle duration was 
extended, such as to 10 minutes, the passivation behaviour during 
the anodic cycle was more obvious during the first few cycles. The 
localised corrosion rate at the beginning was low, 0.07mm/y, which 
was in line with the previous constant anodic transient at +50mVvs.CSE
test results (Fig. 5.2.1). Even after 2 hours, this low corrosion rate 
was still kept at 0.09mm/y by WBE recording. However, two stable 
anodic areas with high corrosion rates, 5.1mm/y and 16mm/y, 
appeared on the WBE maps after 23 hours. The high anodic current 
density areas that occurred suggest that the steel passive layer 
breaks down during the cyclic anodic transient at +50mVvs.CSE. This 
could be due to the steel surface pH decrease. The pH decrease can 
be due to the shorter duration of the cathodic cycle at CP -
950mVvs.CSE than anodic transient at +50mVvs.CSE cycle duration.
Therefore, the cathodic reaction could not generate enough OH- to 
compensate the OH- diffusion rate and neutralised the H+ that 
generated from the anodic reaction during the anodic cycle. 
After the test, the surface of the WBE is also shown in Fig. 
5.13 after being removed from sandy soil. The obvious WBE sensor 
surface corrosion areas are in agreement with the WBE high anodic 
current recording areas. By optical profilometry measurement, the 
highest localised corrosion rate at the top area is 9.6mm/y and
14.2mm/y at the bottom one. The pH at the interface of steel/soil is 5 
(measured by pH indicator paper). When I compare the previous two 
tests shown in Figs. 5.11 and 5.13, by cyclically shifting the 
+50mVvs.CSE anodic transient back to CP -950mVvs.CSE, the duration 
for stable localised corrosion initiation and propagation are longer 
than the constant anodic transient at +50mVvs.CSE test condition, see 
Fig. 5.2.1. The above results suggest that by cyclically adjusting the 
anodic transient back to CP -950mVvs.CSE level, the critical duration of 
anodic transient can be extended. 
However, another experiment (see Fig. 5.14 and 5.15) 
showed that the cathodic cycle may exacerbate the cyclic anodic 
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transient corrosion rate, if the cathodic transient amplitude is too 
large.
Figure 5.14 Cyclic ±500mV potential fluctuation of anodic potential 
excursion to -350mVvs.CSE for 30 seconds and 30 seconds at cathodic 
potential excursion to -1350mVvs.CSE after 24 hours CP at 
-850mVvs.CSE in sandy soil test. 
As shown in Fig. 5.14, the selected form of “cyclic” potential 
fluctuations where the potential changed dynamically with 
30 seconds anodic excursion at -350mVvs.CSE and then 30 seconds at
-1350mVvs.CSE after 24 hours CP at -850mVvs.CSE. Fig. 5.15 shows 
that the WBE current maps at the first 2 minutes reflect that the 
buried steel surface at the beginning of the anodic transient after 24
hours CP still has a low corrosion rate, around 0.01mm/y. This low 
corrosion rate can be also observed at the beginning of a similar 
constant anodic transient test, see Fig. 5.2.3 at 4 minutes WBE 
current map. However, after a few cycles of the potential fluctuating, 
at 10 minutes, the WBE current map shows that the WBE surface 
became slightly active at the anodic cycle and the corrosion rate 
increased to 0.06mm/y. The whole surface became more active after 
the signal had been applied for 18 hours, and the whole surface 
corrosion rate reached 0.5mm/y. This corrosion rate kept increasing. 
After 24 hours, the WBE mapping result reflects that under the 
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anodic cycle, the whole surface corrosion rate reached 0.6mm/y. The 
WBE surface after test is also shown in Fig. 5.15. The whole surface 
corrosion rate (measured by profilometry) is 0.58mm/y and the 
highest localised corrosion rate is 1.3mm/y. After the test, the 
steel/soil pH is around 12 to 13 measured by pH indicator paper.
The WBE test under ±500mV anodic and cathodic transients 
fluctuating around a CP level of -850mVvs.CSE shows that, although 
the prior high pH environment can be sustained under large cathodic 
transient amplitude conditions, corrosion can still happen and the 
initiation time (around 10minutes) is much shorter than when a 
constant +500mV anodic transient was applied (see Fig. 5.2.3) which 
is around 19 hours. However, the corrosion pattern recorded by the 
WBE maps shows that the ±500mV anodic and cathodic transients 
fluctuating around a CP value of -850mVvs.CSE leads to a general 
corrosion pattern, while under the constant anodic transient signal, 
the corrosion initiation is mainly from a localised area. This difference 
is quite dramatic and has implications for predicting likelihood of 
corrosion under the influence of stray currents depending upon 
whether these are predominantly anodic or cycle between anodic 
and cathodic extremes.
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As mentioned before, the constant anodic transient causes
corrosion initiation due to the steel/sandy soil interface pH gradually
decreasing thus leading breakdown of the steel surface passive layer 
and localised corrosion ensues. While, under cyclic ±500mV anodic 
and cathodic transients fluctuating around CP -850mVvs.CSE condition, 
a general corrosion pattern is observed which could be due to the 
large negative transient amplitude cyclically removing the whole 
surface passive layer which formed during the 24 hours CP and 
every anodic cycle. At the beginning of the anodic cycle, because of 
the high pH environment induced by the 24 hours CP, the steel 
surface becomes passive. As shown in the Pourbaix diagram of iron 
in Fig. 5.16, when the anodic transient begins on the cathodically 
protected steel surface, the steel surface state reaches the passive 
region (shown as orange bar in Fig. 5.16). At this stage, the WBE 
current map record at 2 minutes showed the whole surface had a 
very low corrosion rate, around 0.01mm/y, suggesting that the 
passive layer on the steel surface was probably protective.
When the signal shifted to a more negative potential, ie.,
-1350mVvs.CSE, the whole surface state entered the immune region 
(as shown by the dark blue bar in Fig.5.16). During the very negative 
potential, the WBE current maps recorded the average whole surface 
current density as -1.6mA/cm2. In the immune region, the passive 
layer cannot exist at such a negative potential and begins to be 
reduced by the high cathodic current density.10
After a few cycles of this signal, the passive layer becomes 
weaker than at the beginning of the anodic cycles, as shown in the 
10 minutes WBE current map. This suggests that the total passive 
layer on the whole WBE surface is gradually consumed by the large 
cathodic transient current. The reason could be that the passive layer 
forming rate during the anodic cycle cannot compensate for the 
passive layer reduction rate during the cathodic cycle. After 18 hours 
to 24 hours, most of the WBE surface becomes active during the 
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anodic cycle, suggesting that the WBE surface cannot maintain a 
passive layer.
Fig. 5.16 Pourbaix diagram of iron describes the corrosion behaviour 
under ±500mV anodic and cathodic transients fluctuate surround CP 
-850mVvs.CSE test.
These results are in agreement with a theory presented by 
Markus10 to explain the corrosion processes under cyclic anodic 
transient and cyclic high cathodic current density transient, over
-0.1mA/cm2. Fig. 5.17 is the schematic diagram that shows that 
under very negative potential, the passive layer formed during the 
anodic cycle will become a rust layer which can no longer protect the 
substrate metal. A new passive layer will then be formed under the 
rust layer at the next anodic cycle. This diagram demonstrates that 
under cyclic anodic transients and a very negative potential transient, 
corrosion is not directly caused by the anodic transient itself but 
results from the unstable nature of the passive film formed during the 
anodic cycle and removed by the large negative transient cycle. This 
is the first time such supporting evidence has been obtained 
experimentally.
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Fig. 5.17 Schematic illustration of the corrosion processes happen 
on the steel surface at high cathodic protection current (Idc >
-0.1mA/cm2).10
5.3 CONCLUSIONS
A novel in-situ methodology has been demonstrated in 
laboratory testing to develop an understanding of the localised nature 
of corrosion on buried steel under stray current conditions imposed 
on a CP protected specimen. Several conclusions can be drawn from 
this work:
Firstly, the new method designed using a wire beam electrode
(WBE) has been successfully used for detecting localised corrosion 
initiation under various stray current influences on cathodically 
protected buried steel. Similar corrosion behaviours were observed 
from the WBE and coupon surfaces after being exposed to the same 
stray current and environmental conditions. An obvious advantage of 
the WBE sensor is that it is able to perform in-situ recording of the 
current density distribution during the test and this can provide 
significant information regarding localised corrosion processes. 
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Secondly, the WBE maps confirmed that during the period 
shortly after an anodic transient was applied to a CP protected steel 
surface, a low anodic current was observed and the localised steel 
corrosion rate can be very low, less than 0.1mm/y. This is explained 
by the passivity of the steel under high pH condition over the CP 
protected steel surface. The results also confirmed that there is a 
critical duration for corrosion to initiate after an anodic excursion 
potential is applied to a CP protected steel surface. This duration was 
detected more accurately by WBE mapping than by anodic current 
monitoring. 
Thirdly, this critical duration was found to be influenced by the 
anodic transient amplitude, pre-applied CP, test media (soil or
aqueous media) the cathodic transient cycle and the amplitude of 
cathodic transient. 
This work suggests that potential excursions and the 
environment can significantly influence the effectiveness of applied 
CP, mainly by influencing the steel surface passive layer state. Not 
all the anodic transients cause buried steel corrosion under the CP.
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SUMMARY AND RECOMMENDATIONS
6.1 SUMMARY
In this work, new experimental approaches have been 
employed to overcome technological difficulties in the fundamental 
understanding of CP failure and buried steel corrosion due to the 
effects of potential excursions and the complex soil environment. 
New electrochemical corrosion cells have been designed to 
overcome difficulties associated with conventional sand cells in the 
control of humidity, resistivity, pH and their distributions in the highly 
inhomogeneous sand medium. The new cells have allowed more 
uniform polarisation current distribution, reduction in IR potential 
drops, and constant moisture levels. In particular, an aqueous 
electrochemical cell has been developed to simulate the “worst-case”
environmental conditions that could be experienced in an
underground pipeline. The aqueous cell employs an electrolyte that 
mimics the high resistivity of soil, and ion selective and conducting 
membranes to partition anodic and cathodic zones that allow the 
simulation of high pH conditions on steel surfaces under CP. This 
new cell has enabled in-situ observation of corrosion processes and 
patterns, and has allowed the correlation of corrosion behaviour
directly with different forms of potential excursions over various 
experimental periods. 
Numerous steel coupon experiments have been conducted in 
the aqueous and sand cells that were designed to simulate typical 
buried pipeline environmental conditions based on a test matrix 
determined according to the Australian cathodic protection standard 
AS 2832.1. Surface profilometry and other surface analytical 
techniques have been employed to quantify corrosion rates and 
patterns on steel surface after extended periods of exposure to 
selected aqueous and sandy soil cell environments under the effect 
Chapter 6
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of square and sine wave potential excursions that are designed to 
simulate slow and fast changing stray currents observed on real-life 
pipelines. Localised corrosion was found to be the most common 
form of corrosion and its rate was found to be usually 2-10 times 
higher than general corrosion on pipeline steels. 
A novel method has been developed based on the innovative 
use of an electrochemically integrated multi-electrode array, referred 
to as a wire beam electrode, to overcome major limitations in 
conventional electrochemical methods in measuring corrosion under 
the effect of dynamically changing potential excursions. This method 
has enabled the visualisation of dynamically changing electrode 
processes and the effective quantification of the effects of 
dynamically changing potential excursions on buried steel corrosion. 
The wire beam electrode has been shown to possess the necessary 
temporal and spatial resolution required for measuring and 
visualising the dynamic effects of potential excursions such as anodic 
transients on CP, passivation and localised corrosion processes 
occurring on buried steel surfaces. This capability has been 
demonstrated by mapping dynamically changing localised corrosion 
processes occurring on buried steel surfaces under the effect of 
anodic transients. 
For the first time, a critical anodic transient duration has been 
observed and explained as the incubation period for the breakdown 
of passivity and the initiation of localised corrosion on steel surfaces
under the effect of CP and anodic transients. The critical anodic 
transient duration has been found to be affected by potential 
excursion amplitudes, cathodic cycle, CP level, and the corrosion 
media. This critical duration was found to be influenced by the 
amplitude of the anodic transient, pre-applied CP, cyclic cathodic 
transient and the soil environment. This is explained by passivity 
breakdown under the effect of an anodic excursion, a high pH 
environment that is created during the constant CP and the diffusion 
rate of the chemical ions on the metal surface, e.g. OH-. Typical 
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critical anodic transient duration values have been determined under 
major industrial conditions. For steel exposed to a 1000 .cm 
resistivity sandy soil under -950mVvs.CSE CP, typical critical anodic 
transient durations are found to be approximately 9 minutes and 2
minutes for +1V “constant” and “cyclic” anodic transients, 
respectively. This critical duration has been explained as the time 
required for a steel surface to lose passivity and has been found to 
be affected by corrosion environmental conditions, especially the 
diffusion of OH- ions. 
When a cyclic cathodic transient was applied, if the cathodic 
transient cycle potential level was around -950mVvs.CSE, this critical 
duration under the cyclic anodic transient becomes longer than that 
recorded at the constant anodic transient. This could be due to the 
cathodic cycle at CP -950mVvs.CSE helping to maintain the high pH 
environment. However, the cyclic cathodic transient amplitude cannot 
be too large. Even though the large cyclic cathodic transient 
amplitude can maintain the interface of steel/soil with a high pH 
environment, it can also damage the passive film, leading to rapid 
buried steel corrosion during the anodic cycle. These results are in 
general agreement with longer-term coupon tests and surface 
profilometry measurements of corrosion damage.
The work in the latter part of this thesis suggests that the WBE 
sensor can be used as an effective tool for studying localised 
corrosion initiation under the effect of complex factors, as well as for 
the in-situ monitoring of stray current corrosion of buried steel 
structures. 
6.2 RECOMMENDATIONS FOR FURTHER WORK
x Further research could be conducted to expand the list of 
critical anodic transient amplitude and duration values. For 
example, in order to find out critical amplitude, more constant 
anodic transient amplitude values can be selected between
1000mV and 1950mV from CP -950mVvs.CSE.
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x Further research could be applied to the real field monitoring 
of corrosion on high-risk pipeline sections where the amplitude 
and duration of anodic transients are close to the “critical 
values”.
x Future work could improve the simulation of complex soil 
corrosion conditions by systematically changing the 
concentration of calcareous elements, such as Ca2+ and Mg2+.
The added elements may influence the critical duration of the 
anodic transient. 
x The effect of Cl- concentration needs further consideration in 
the future work. It should be noted that the boundary of 
passive and pitting zones in the Pourbaix diagram is also 
influenced by the Cl- concentration in the aqueous or soil 
media. The higher Cl- concentration may reduce the critical 
duration.
x New parameters, such as the critical duration for single anodic 
transient on buried pipelines, proposed by this research, could 
be added to AS2832.1 to enforce and focus on the protection 
of risky stray current affected pipeline sections, see Table 6.1.
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